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FOREWORD 


The  experimental  and  analytical  studies  presented  in  this 
report  are  the  results  of  a  contract  initiated  by  the  Structures 
Branch  of  the  Aircraft  Laboratory  of  the  Wright  Air  Development 
Center  under  Contract  No.'AF  33(616)— 39U  with  the  Fairchild  Aircraft 
Division  of  the  Fairchild  Engine  and  Airplane  Corporation.  The  data 
shown  herein  represent  a  partial  completion  of  an  original  proposal 
to  completely  investigate  the  rebound  and  runout  Characteristics  of 
airplanes  having  all  conceivable  types  of  landing  gear  configurations. 
Tests  conducted  specifically  for  this  contract  were  made  only  on  one 
airplane,  namely,  the  Fairchild  Model  C-119-H.  However,  some  data 
have  been  included  for  other  airplanes,  most  of  which  were  supplied 
by  the  Aircraft  Laboratory  of  the  Wright  Air  Development  Center. 

The  other  airplanes  included  are  the  C-119-G,  C-U7,  B-36,  and  F-8U. 
Although  no  test  data  are  included,  calculations  are  shown  for  the 
XC-120  quadricycle  landing  gear.  The  landing  tests  were  conducted 
at  the  Fairchild  Aircraft  Division  plant  at  Hagerstown,  Maryland. 

The  numerical  calculations  which  provide  statistical  data 
for  the  report  were  made  on  the  IBM  Card-Programmed  Electronic 
Calculator. 

Landing  test  records  for  the  C-l*7,  F-8U,  B-36  airplanes 
were  supplied  by  the  Aircraft  Laboratory  of  the  Wright  Air  Development 
Center.  The  contract  was  initiated  to  establish  a  basis  for  improve¬ 
ment  of  the  landing  gear  design  criteria.  The  project  was  sponsored 
by  Mr.  G.  M.  Goldman,  Chief  of  Design  Criteria  Section,  WCLSS,  with  the 
technical  assistance  of  Mr.  E.  J.  Lunney,  Chief  of  Dynamic  Loads 
Section,  WCLSY. 

This  report  was  prepared  on  Air  Force  Contract  AF  33  (616) -3 9l* 
under  Project  Number  1367,  Task  13583. 
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ABSTRACT 


This  report  presents  results  of  an  analytical  and  experi¬ 
mental  study  of  the  landing  gear  rebound  problem.  It  includes 
results  of  an  experimental  investigation  of  the  landing  characteristics 
of  the  Fairchild  Model  C-119-H  Airplane  together  with  some  data  for 
other  airplanes  supplied  by  Wright  Air  Development  Center.  An 
analytical  investigation  of  quadricycle  and  tricycle  landing  gears 
was  made  and  the  results  correlated  with  data  from  landing  tests. 
Methods  are  shown  for  taking  into  consider at ipn  any  geometrical 
arrangement  of  the  landing  gear  units,  me  ansxy exeax  Treatment 
was  simplified  considerably  by  introduction  of  the  notion  of 
effective  mass;  it  is  shown  that  this  notion  can  be  used  to  facili¬ 
tate  correlation  of  the  analytical  results  with  drop  test  data.  A 
comparison  of  the  results  obtained  with  results  of  impulse-momentum 
methods  is  shown.  The  effect  of  changing  certain  of  the  parameters 
such  as  geometry,  inertia,  and  external  forces  is  considered.  It 
was  found  that  the  second  impact  is  usually  somewhat  more  severe 
than  the  first.  The  problem  of  formulating  adequate  design  criteria 
for  landing  gears  is  discussed.  A  review  of  literature  pertinent 
to  the  problem  is  presented. 
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This  report  has  been  reviewed  and  is  approved. 
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INTRODUCTION 


Experimental  data  and  analyses  of  the  data  relevant  to  the 
problem  of  formulating  criteria  for  the  design  of  aircraft  landing 
gears  are  presented  in  this  report* 

In  this  study  the  airplane  has  been  considered  as  a  rigid 
body.  From  the  point  of  view  of  landing  gear  design,  this  assumption 
is  conservative,  since  it  neglects  dissipation  of  landing  gear  forces 
through  the  excitation  of  vibrations  of  the  elastic  structure.  From 
the  point  of  view  of  over-all  aircraft  design,  it  would  be  necessary, 
of  course,  to  take  account  of  the  various  flexible  modes  of  vibration 
of  the  structure,  in  order  to  determine  the  maximum  stresses  that 
might  be  developed  in  any  of  its  members  due  to  the  landing  impact. 

The  airplane  for  which  new  experimental  data  were  obtained 
in  this  study  and  are  presented  in  this  report  is  the  C-119-H. 

An  actual  dynamical  system  is  usually  too  complicated  for 
mathematical  treatment.  For  such  treatment  it  is  thus  necessary  to 
describe  a  simplified  equivalent  system.  This  is  true  of  a  landing 
gear  system.  Such  a  system  presents  nonlinearities  in  its  response 
characteristics  due  to  frictional  damping,  polytropic  compression  of 
air,  and  the  flow  of  oil  through  an  orifice.  In  the  present  study 
the  problem  was  linearized  through  the  use  of  an  equivalent  spring 
rate  calculated  from  drop  test  data.  However,  provision  has  been 
made  for  treating  the  nonlinear  case. 

The  equivalent  system  used  in  the  present  study  is  described 
in  this  report.  Equations  of  motion  for  the  equivalent  system  were 
written  and  solved  analytically.  Numerical  values  of  the  solutions 
were  calculated  with  the  help  of  the  card-programmed  electronic 
calculating  machine.  A  check  on  the  adequacy  of  the  equivalent  system, 
as  well  as  the  accuracy  of  the  calculations,  is  provided  by  charts 
showing  a  comparison  of  calculated  with  test  results.  The  agreement 
shown  in  this  report  is  considered  satisfactory. 

A  novel  feature  of  the  present  treatment  is  the  use  of  the 
notion  of  effective  mass.  As  used  in  this  report,  the  notion  of 
effective  mass  is  associated  with  a  single  degree  of  freedom.  Through 
the  use  of  the  notion  of  effective  mass  it  was  found  possible  to 
correlate  results  of  drop  tests  with  the  dynamics  of  the  airplane* 

This  report  presents  a  survey  of  literature  on  landing  gear 
research  designed  to  supplement,  and  bring  up  to  date,  the  rather 
extensive  survey  presented  in  Reference  13.  Hie  list  of  references 
is  by  no  means  complete,*  it  represents  literature  actually  referred 
to  in  the  report. 
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SURVEY  OF  LITERATURE 


Landing-gear  research  apparently  had  ite  origin  in  Germany 
before  the  last  war  (Ref,  4)  This  early  landing-gear  research  was 
influenced  by  official  regulations.  These  regulations  required  that 
a  drop  test  be  made  in  which  the  upper  end  of  the  shock  strut  was 
attached  to  a  weight  and  dropped  on  an  anvil.  At  the  instant  when  the 
anvil  was  struck  the  weight  was  compensated  by  admitting  compressed  air 
to  a  cylinder.  The  load-stroke  curve  obtained  by  this  method  was  con¬ 
sidered  as  the  load-stroke  curve  of  the  shock  strut  and  was  used  in  the 
design  of  the  airplane.  Consequently  this  early  research  was  directed 
toward  the  investigation  of  load-stroke  diagrams. 

The  only  papers  on  landing-gear  research  that  appeared  in 
Germany  before  the  war  were  by  Michael  (Ref.  10),  published  in  1937, 
and  by  Frank  and  Kranz  (Ref.  5),  published  in  1939.  The  first  of  these 
papers  gives  an  analysis  of  the  linear  spring-damper  system  but  pays 
little  attention  to  the  tire.  Spring  diagrams  are  used  in  which  force 
is  plotted  against  stroke  with  rate  of  stroke  as  a  parameter.  These 
diagrams  are  also  shown  for  shock  struts  with  dry  friction  or  with  vel¬ 
ocity-square  dampers,  and  are  used  for  graphical  solution  of  the  differ¬ 
ential  equations .  Such  diagrams  are  not  useful  when  a  second  spring, 
the  tire,  is  considered;  therefore,  their  use  has  been  abandoned. 

The  second  of  the  early  papers,  (Ref.  5),  discusses  such 
questions  as  length  of  runway  necessary  for  takeoff  and  influence  of 
tire  pressure  on  landing  gear  reaction.  The  oleo  is  not  mentioned  in 
this  report,  however.  Simulated  runout  tests  of  landing  gears  were  made 
by  attaching  the  gear  to  be  tested  to  a  specially  designed  frame  which 
was  hitched  as  a  trailer  to  a  truck  provided  with  recording  instruments. 

The  first  papers  of  the  war  period  were  focused  on  the  load- 
stroke  diagram.  Schlaefke  (Ref.  14)  in  1943,  criticized  the  drop  test 
method  in  use  at  the  time  and  suggested  replacing  the  buffered  drop 
test  by  an  unbuffered  test,  that  is,  omitting  the  air  cylinder.  This 
paper  uses  the  theory  of  the  linear  spring-damper  system  to  establish 
some  relations  between  the  results  of  both  types  of  teste. 

In  the  next  group  of  papers  the  tire  was  considered.  Kochanowsky 
(Ref.  8)  in  1944,  gave  an  analysis  of  an  oleo-tire  combination.  He  con¬ 
sidered  the  unsprung  mass  to  be  negligible  for  the  landing  impact. 

After  studying  the linear  oleo-tire  system,  the  next  logical 
step  would  have  been  to  consider  a  non-linear  system.  Such  a  study  was 
made  by  Kochanowsky  for  a  type  of  non-linear  spring  which  had  long  been 
used  in  railroad  car  bumpers,  a  ring-pile  type  of  spring. 

The  other  paper  which  considers  a  non-linear  shock  strut  is 
by  Marquard  and  Meyer  zur  Capellen  in  1943  (Ref.  9).  This  paper  considers 
velocity  square  damping  and  polytropic  compression  of  air. 
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A  discussion  of  "Dynamic  loads  on  Airplane  Structures  During 
Landing"  is  presented  by  Biot  and  Bisplinghoff ,  (Ref.  2).  This  report 
undertakes  to  apply  transient  theciy  to  the  determination  of  dynamic 
loads  on  a irp longest ructures  during  landing  impact .  It  presents  a  brief 
outline  of  the  mathematical  theory  of  transients  in  undamped  elastic 
systems  using'  the  reel  convolution  integral  superposition  method.  Struct¬ 
ural  flexibility  is  considered  in  determining  the  transient  oscillations 
excited  by  the  initial  landing  impact.  It  is  indicated  that  under  certain 
conditions  regarding  the  airplane  as  a  rigid  body  may  fail  to  be  a  conserva¬ 
tive  assumption. 

It  is  assumed  that  the  time  history  of  the  impact  force  may  be 
studied  independently  of  the  elastic  properties  of  the  structure.  Since 
the  designer  is  not  sc  much  interested  in  the  time  histories  of  the  forces 
acting  on  the  structure  as  he  is  in  the  highest  attainable  stresses  during 
the  operation  of  the  airplane,  the  envelope  of  the  various  impact  force 
curves  is  used  to  determine  the  maximum  stress.  This  envelope  represents 
conditions  which  exceed  in  severity  every  type  of  landing  considered. 

This  method  may  be  used  to  calculate  design  landing  dynamic  .response  factors 
for  the  airplane.  By  this  means  the  maximum  deflection  of  the  structure 
in  each  mode  during  the  landing  may  be  evaluated.  Loss  of  phase  relation¬ 
ship  by  this  method  is  not  considered  serious  since  for  design  purposes 
it  must  be  assumed  that  sometime  during  the  life  of  the  airplane  the  phasing 
between  the  modes  will  be  such  as  to  produce  the  worst  combination  of 
stresses . 


It  is  considered  possible  that  a  resonance  condition  during  the 
run-cut  phase  of  the  'landing  may  produce  stresses  more  critical  than  those 
produced  during  and  shortly  after  the  initial  impact.  Aerodynamic  damping, 
as  well  as  coupling  between  the  motion  of  the  structure  and  the  external 
force,  is  neglected. 

Reference  17  presents  an  analytical  solution  to  the  problem  of 
determining  the  transient  response  of  a  second-order  linear  system  to  a 
trapezoidal  forcing  function.  Graphs  of  the  forcing  function,  the  displace¬ 
ment  function,  and  the  acceleration  function,  are  presented. 

Reference  6  presents  a  method  for  calculating,  the  dynamic  landing 
response  of  an  elastic  airframe  from  a  knowledge  of  the  mass  and  stiffness 
distribution  of  the  structure. 

A  criterion  is  advanced  for  determining  which  vibration  modes 
of  the  airframe  must  be  taken  into  account  in  the  landing  impact  analysis. 

A  method  is  presented  for  calculating  the  response  in  each  normal  mode 
due  to  landing  impact,  with  effects  of  damping  neglected.  It  is  shown 
that  the  effects  of  both  structural  and  aerodynamic  damping  can  be  taken 
into  account  by  applying  a  simple  correction  to  the  undamped  responses. 

Extensive  landing  tests  were  conducted  by  the  AMC  on  the  B-2i; 
and  P-6l  airplanes  ana  a  comparison  is  made  of  the  measured  end  calculated 
dynamic  loads.  Generally  acceptable  correlation  is  observed,  although 
significant  discrepancies  are  present  in  certain  instances.  Trapezoidal, 
vertical,  and  drag  load  ti...e  histories  are  given  and  accelerometer  data 
are  presented  in  a  number  of  charts. 
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Reference  13  includes  an  extensive  bibliography  and  a  historical 
sketch  of  landing  gear  research. 

Previous  research  has  been  directed  mainly  to  the  study  of  struct¬ 
ural  design  criteria  for  rigid  airplanes.  Structural  design  criteria  have 
been  drawn  up  so  that  an  airplane,  when  constructed  in  accordance  with  the 
criteria,  will  not  have  failures  in  any  of  its  components  during  its  life- 
time  of  normal  operation. 

A  structural  failure  occurs  when  the  stress  at  some  point  in  the 
structure  exceeds  the  stress  the  material  at  that  point  is  able  to  with¬ 
stand.  Such  stresses  are  called  ultimate  stresses.  Structures  built  in 
conformity  with  satisfactory  criteria  will  not  develop  ultimate  stresses 
under  normal  conditions.  The  criteria  specified  that  certain  static  loads 
be  applied  to  the  airplane  and  that  the  structure  be  designed  to  withstand 
these  static  loads  and  the  associated  inertia  forces.  The  criteria  were 
generally  satisfactory  because  of  the  fact  that  airplanes  of  the  past  were 
usually  relatively  rigid  and  had  the  same  general  type  of  configurations. 

In  certain  cases  where  airplanes  had  relatively  flexible  components,  failures 
occurred.  Consequently,  cognizance  has  been  taken  of  the  fact  that  the 
existing  criteria  are  not  satisfactory  for  some  of  the  present  day  airplanes, 
and  that  there  is  no  reason  to  expect  them  to  be  adequate  for  the  airplanes 
of  the  future. 

Airplanes  with  increasingly  unconventional  configurations  and  in¬ 
creasingly  flexible  structures,  if  designed  in  accordance  with  present  day 
criteria,  may  be  expected  to  suffer  failures  if  they  are  used  to  perform 
those  functions  upon  which  the  present  criteria  are  based.  This  is  because 
experience  has  indicated  that  failures  are  much  more  liable  to  occur  for 
flexible  airplanes. 

The  criteria  may  be  revised  by  specifying  greater  static  loads 
for  which  the  structure  must  be  designed,  or  the  criteria  may  be  revised 
in  such  a  manner  that  more  rational  stress  analyses  must  be  performed.  It 
remains  to  set  down  new  criteria  such  that  the  dynamic  or  vibratory  stresses 
associated  with  flexibility  will  be  accounted  for  in  such  a  manner  that 
ultimate  stresses  do  not  occur. 

Ground  loads  structural  criteria  are  drawn  up  so  that  an  airplane, 
when  constructed  in  accordance  with  these  criteria,  will  not  have,  at  any 
point  in  the  structure,  stresses  exceeding  the  ultimate  stress  of  the 
material  at  that  point,  as  a  result  of  ground  loads.  For  the  ground  loads 
problem,  airplane  flexibility  may  have  the  effect  of  either  amplifying  or 
attenuating  the  magnitude  of  the  stresses  which  would  occur  in  the  airplane 
if  it  were  rigid.  Consequently,  it  is  important  to  determine  whether  or 
not  flexibility  is  significant  for  seme  particular  phase  of  the  problem. 

Consider  an  airplane  landing  with  a  given  attitude  and  at  a  given 
sinking  speed.  If  the  airplane  is  rigid,  the  shock  strut  must  transform 
into  potential  energy,  and  dissipate  as  ilfat,  all  the  kinetic  energy  result¬ 
ing  from  the  vertical  component  of  the  velocity.  In  doing  this,  a  certain 
magnitude  of  strut  force  will  be  developed.  If,  on  the  other  hand,  the 
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airplane  is  flexible,  see*  of  the  kinetic  energy  ie  transformed  into  elastic 
potential  energy  by  deflection  of  the  structure,  leering  a  smaller  amount 
of  kinetic  energy  to  be  absorbed  or  transformed  by  the  strut.  As  a  result, 
the  strut  force  will  be  smaller  than  if  the  airplane  were  rigid. 

In  order  to  permit  an  evaluation  of  the  reduced-mass  method  of 
representing  wing-lift  in  free-fall  drop  teste  of  landing  gears,  the  re stilts 
of  such  tests  have  been  compared  with  data  obtained  in  simulated  air-borne 
impacts  and  in  free-fall  drop  tests  with  full  dropping  weight  (Ref.  16). 
These  comparisons  indicate  that* 

1.  Landing-gear  load  factors  determined  from  the  reduced- 
mass  drop  tests  were  in  fairly  good  agreement  with  data 
obtained  in  the  simulated  air-borne  Impacts  through  most 
of  the  vertical-velocity  range.  At  the  higher  velocities, 
however,  the  reduced-mass  drop  tests  yielded  load  factors 
up  to  12%  higher  than  those  in  the  simulated  air-borne 
impacts.  This  discrepancy  increased  to  as  much  as  18% 
following  the  occurrence  of  tire  bottoming. 

2.  Throughout  most  of  the  velocity  range,  the  free-fall  drop 
tests  with  the  full  weight  resulted  in  load  factors  which 
were  greater  than  those  obtained  in  the  simulated  air¬ 
borne  impacts  by  an  amount  approximately  equal  to  the  lift 
factor. 

3.  The  time  required  for  the  maximum  load  to  be  attained  was 
somewhat  smaller  in  the  reduced-mass  drop  tests  than  in 
the  simulated  air-borne  impacts.  The  free-fall  drop  tests 
with  the  full  weight  required  a  greater  time  for  the  attain¬ 
ment  of  the  maximum  load  than  did  either  of  the  other  two 
types  of  tests. 

4.  The  shock-strut  effectiveness  in  the  reduced-mass  drop 
tests  was  considerably  lower  than  in  the  simulated  air¬ 
borne  impacts,  particularly  at  the  lower  vertical  velo¬ 
cities  where  differences  in  strut  effectiveness  as  great 
as  22%  were  found.  However,  these  differences  decreased 
to  10%  or  less  at  the  higher  velocities.  The  effective¬ 
ness  in  the  free-fall  drop  tests  with  the  full  weight, 
however,  was  approximately  5%  greater  than  in  the  simu¬ 
lated  air-borne  impacts  and  more  closely  approximated 
the  results  of  the  simulated  air-borne  impacts  than  did 
the  reduced-mass  drop  tests. 

Results  obtained  indicate  that  the  reduced-mass  method  of  drop 
testing  landing  gears,  although  yielding  somewhat  conservative  results, 
in  general  more  closely  approximates  the  results  of  air-borne  impacts  and 
is  an  appreciable  improvement  over  the  former  very  conservative  practice 
of  using  the  full  weight  in  the  free-fall  drop  tests.  However,  when  a 
more  exact  representation  of  the  time  history  of  the  landing  gear  behavior 
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is  required,  as  in  tests  in  which  drag  loads  are  simulated  by  the  method 
of  idle el  spin-up  or  in  tests  which  are  used  as  a  basis  for  dynamic  analyses 
of  flexible  structures,  it  may  be  necessary  to  simulate  wing-lift  by  mech¬ 
anical  means  rather  than  by  the  reduced-mass  method  of  free-fall  drop  testing. 

Studies  have  been  made  to  determine  the  importance  of  the  type 
of  the  air-ocmpression  process  on  the  loads  produced  on  the  oleo-pneumatic 
landing  gear  during  impact  and  to  determine  the  type  of  air-compression 
process  actually  obtained  during  drop  tests  (Ref.  15) .  The  data  were  ob¬ 
tained  in  tests  of  a  small  landing  gear  with  dropping  weights  ranging  from 
1500  to  2500  pounds.  Vertical  contact  velocities  ranging  from  0  to  11  feet 
per  second  were  obtained.  A  simplified  analysis  to  determine  the  effect 
which  different  air-compression  processes  might  have  indicates  that  the 
value  of  the  air-compression  exponent  should  have  little  effect  on  the 
landing-gear  loads  throughout  most  of  the  impact. 

Near  the  end  of  the  impact,  however,  differences  in  the  air- 
compression  process  may  have  some  effect  on  the  total  load,  the  effect  de¬ 
pending  on  the  extent  to  which  increases  in  the  polytropic  exponent  cause 
reductions  in  maximum  strut  stroke.  Analysis  of  data  showed  that  the  poly¬ 
tropic  exponent  ranged  from  1,01  to  1.10  with  an  average  value  of  1.06. 

Reference  3  presents  a  number  of  time  histories  of  strut  stroke, 
tire  deflection,  and  accelerometer  readings  based  on  drop  test  data.  From 
this  information,  typical  forcing  functions  may  be  obtained  and  from  a 
combination  of  a  number  of  these  functions,  an  envelope  forcing  function 
might  be  obtained,  for  use  in  accordance  with  the  method  of  Biot  and 
Bisplinghoff  (tef .  2) . 

The  following  quotations  are  from  reference  1. 

"The  airplane,  immediately  prior  to  contact  with 
the  ground,  may  have  translational  velocities  and  accel¬ 
erations  along  the  three  mutually  perpendicular  axes. 

The  gear  loads  result  from  the  reduction  of  these  vectors 
to  zero.  The  specified  landing  impact  attitudes,  velo¬ 
cities,  etc.,  are  intended  to  define  the  initial  contact 
condition.  The  subsequent  motion  of  the  airplane  resulting 
from  this  contact  shall  also  be  considered. 

Lift  at  contact  may  be  assumed  equal  to  or  less 
than  the  airplane  weight  and  disposed  symmetrically  about 
the  plane  of  symmetry  of  the  airplene.  The  resultant  of 
the  distributed  aerodynamic  lift  may  be  assumed  to  pass 
through  the  center  of  gravity  of  the  airplane.  In  the 
structural  analysis,  the  aerodynamic  lift  shall  be  appro¬ 
priately  distributed  to  the  major  components  (including 
the  empennage)  in  accordance  with  the  above  assumptions. 

In  general,  the  magnitude  and  distribution  of  the  airplane 
lift  may  be  assumed  unchanged  by  motions  subsequent  to 
initial  contact." 

Criteria  for  angles  of  roll,  sideslip,  and  pitch  are  also  presented. 
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According  to  Reference  12,  the  landing  gear  and  the  airplane 
structure  are  to  be  investigated  for  landing  conditions  at  both  landing 
and  take-off  weights .  Maximum  spin-up  and  spring-back  loads  are  the 
criteria  advocated  in  this  report.  Design  ultimate  loads  are  to  be 
calculated  by  multiplying  these  maximum  loads  by  a  safety  factor  of  1.5. 

In  case  of  multiple  wheels,  the  most  severe  loads  resulting  from  the 
various  load  distributions  are  to  be  used  in  the  design  of  the  structure. 

This  publication  recognizes  that  loads  produced  by  landing  impact 
may  be  more  severe  for  an  elastic  structure  than  those  calculated  on  the 
assumption  that  the  structure  is  rigid.  The  methods  of  AFTR  5815 ,  Refer¬ 
ence  6,  may  be  used  in  calculating  such  dynamic  loads.  It  is  also  stated 
that  where  the  natural  frequency  of  the  landing  gear  in  a  fore  and  aft 
direction  is  close  to  the  natural  frequency  of  a  major  structural  compon¬ 
ent,  that  condition  should  be  given  special  investigation. 

W.  Flugge,  in  1952  (Ref.  4),  represented  the  shock  strut  by  a 
spring  and  a  damper  in  parallel j  the  tire  is  represented  by  a  simple 
spring  whose  deformation  is  proportional  to  the  applied  force.  Differ¬ 
ential  equations  of  such  a  fourth-order  landing  gear  system  are  written. 

The  solution  of  these  equations  is  carried  out  by  elementary  text-book 
methods;  it  could  be  simplified  by  use  of  the  Laplace  transformation. 

These  equations  were  reduced  to  third-order  by  the  assumption 
that  the  unsprung  mass  is  zero.  The  effect  on  the  system  of  not  neg¬ 
lecting  the  unsprung  mass  was  considered.  The  solutions  were  obtained 
in  trigonometric  and  exponential  form.  The  effect  on  the  system  of 
neglecting  damping  was  also  considered.  The  result  is  not  realistic 
for  a  system  whose  principal  function  is  damping. 

The  spring  terms  in  the  linear  differential  equations  correspond 
to  the  action  of  steel  springs.  Modem  shock  struts  use  air  as  an  elastic 
medium  and  air  does  not  exhibit  linearity.  However,  the  non-linearity 
introduced  by  a  pneumatic  spring  is  not  severe,  even  in  the  case  of  adia¬ 
batic  compression. 

Quite  different  is  the  damping  term.  Viscous  damping  is  never 
realized  in  shock  struts,  their  damping  being  produced  by  the  acceler¬ 
ation  of  oil  squeezed  through  small  orifices. 

It  was  assumed  that  the  tire  force  follows  a  linear  law  and  that 
the  shock  strut  force  depends  non-linearly  on  the  stroke  and  the  rate  of 
stroke.  Numerical  methods  were  used  to  obtain  an  approximate  solution. 
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SECTION  I  DYNAMICS  CF  THE  AIRPLANE 
Discussion  of  the  Problem 


The  total  problem  of  the  dynamical  behavior  of  the  airplane 
and  all  of  its  component  parts  during  a  landing  maneuver  is  one  of  such 
magnitude  that  it  defies  a  practical  solution.  In  order  to  obtain 
landing  gear  design  information,  it  is  necessary  to  separate  the  problem 
into  several  sub-groups  of  problems,  each  of  which  can  be  solved 
temporarily  by  neglecting  the  effect  of  other  sub-groups.  The  relation¬ 
ship  or  effect  of  each  sub-group  upon  its  neighbor  is  then  obtained  by 
statistical  methods. 


A  logical  sub-group  division  of  the  landing  problem  is  as 

follows! 


a.  Rigid  body  motion  of  the  airplane. 

b.  Response  of  the  airplane  flexibility  modes. 

c.  Nonlinear  dynamics  of  the  equivalent  drop  test 
configuration  involving  the  oleo  and  tire 
characteristics . 

d.  Spin-up  and  spring-back  response  characteristics. 

e.  The  effect  of  superimposed  forces  and  moments  due 
to  control  surface  manipulation  or  power  steering 
immediately  prior  to  and  during  the  landing 
maneuver. 

f.  Stability  of  each  landing  gear  unit  from  shlmny. 

g.  Superinposed  forcing  functions  such  as  striking 
an  obstacle  or,  of  lesser  importance,  power  plant 
oscillations • 


In  this  report  the  first  sub-group  analyzed  is  that  of  the  rigid 
body  motions  of  the  airplane.  As  can  be  readily  seen,  the  problem  is  one 
of  six  degrees  of  freedom,  consisting  of  translation  in  three  mutually 
perpendicular  directions  and  rotation  about  the  three  principal  axes.  As 
a  first  step  in  the  analysis,  it  is  assumed  here  that  the  fore  and  aft, 
yawing,  and  lateral  motions  can  be  neglected  as  a  first  approximation. 

This  leaves  three  degrees  of  freedom  in  the  problem  namely,  vertical  trans¬ 
lation,  roll,  and  pitch.  Equations  of  motion  for  these  three  degrees  cf 
freedom  are  derived  in  this  report. 


Analytical  solutions  have  been  derived  for  these  three  coordinates 
for  numerical  solutions  of  the  differential  equations  on  the  IBM  Card- 
Programmed  Electronic  Calculator.  Provision  was  made  for  introducing  the 
forcing  function  for  nonlinear  characteristics  in  terms  of  vertical  force 
vs.  the  total  mass  travel  at  each  landing  gear  unit.  This  was  done  in 
order  to  provide  a  means  for  getting  the  forcing  functions  by  statistical 
analysis  of  drop  test  and  landing  test  data.  However,  this  process  was 
not  defined  to  the  point  where  certain  intangible  factors  could  be  excluded 
from  the  forcing  functions  so  obtained.  Hence,  the  numerical  solutions 
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were  confined  in  this  report  primarily  to  the  case  involving  linear 
springs  and  viscous  dampers*  Considerable  numerical  data  are  shown 
on  this  basis.  The  effect  of  several  parameters  is  shown  in  various 
charts  and  tables  in  this  report.  It  is  noted  that  the  analytical 
work  is  still  very  complicated  even  after  the  foregoing  assumptions 
have  been  made.  For  exanple,  it  is  necessary  to  distinguish  the  cases 
of  1,  2,  or  3  landing  gear  units  in  contact  with  the  runway  at  the  same 
time.  In  this  report,  the  work  was  concentrated  on  the  case  where  each 
landing  gear  unit  impacted  the  runway  while  all  others  remained  clear. 

It  is  considered  that  this  constitutes  the  case  where  maximum  load 
factors  will  be  developed.  However,  all  cases  must  be  considered  when 
making  an  elaborate  comparison  with  actual  landing  test  data.  This  is 
due  to  the  fact  that  landing  tests  are  usually  made  with  load  factors 
much  lower  than  required  for  design  criteria.  Also,  it  is  difficult 
for  a  pilot  to  obtain  a  pre-determined  set  of  initial  conditions  at 
the  instant  of  contact  with  the  runway.  However,  the  basis  for  an 
analytical  solution  to  the  problem  has  been  established  when  it  can  be 
shown  that  the  equivalent  system  exhibits  a  response  in  reasonable 
agreement  with  that  of  the  airplane.  Several  comparison  graphs  are 
shown  in  this  report  to  illustrate  the  closeness  with  which  the  airplane 
is  being  represented. 

For  developing  design  criteria  for  landing  gears,  it  is 
advantageous  to  obtain  relationships  between  the  airplane  and  simulated 
drop  tests.  This  is  the  only  means  by  which  the  concept  of  true  effective 
mass  can  be  introduced  into  the  problem.  Derivations  are  shown  in  this 
report  for  the  three  degree  of  freedom  system  being  considered  by  means 
of  which  to  relate  the  airplane  and  drop  test  equations  with  certain 
limitations.  These  derivations  are  obtained  by  making  a  linear  trans¬ 
formation  from  the  vertical  translation,  roll  and  pitch  coordinates  to  a 
set  of  linear  coordinates  defining  the  vertical  motion  of  the  airplane 
at  each  of  three  landing  gear  units.  However,  any  number  of  landing  gear 
units  can  be  studied  by  means  of  these  equations. 

Convenient  forms  of  equations  shown  in  this  report  were  obtained 
by  a  coordinate  transformation  eliminating  the  inertial  and  elastic 
coupling  between  the  coordinates.  It  is  to  be  noted  that  this  trans¬ 
formation  can  be  effected  without  neglecting  any  of  the  rigid  body  motions. 
However,  a  corresponding  number  of  vertical  displacement  coordinates  must 
be  used.  Now  if  the  problem  is  limited  to  the  case  where  only  one  landing 
gear  is  in  contact  with  the  runway  at  any  instant,  a  direct  relationship 
can  be  obtained  between  the  airplane  equations  and  those  of  the  drop 
test.  This  is  accomplished  because  the  equation  associated  with  the 
particular  landing  gear  in  contact  with  the  runway  contains  only  one 
coordinate  and  is  entirely  independent  of  the  other  equations.  Hence, 
the  mass  term  associated  with  this  equation  is  the  true  effective  mass 
acting  on  that  landing  gear  unit.  Also,  it  is  possible  to  adjust  the 
wing- lift  in  such  a  manner  that  complete  agreement  with  the  drop  test 
is  obtained.  For  this  agreement  to  be  efficient,  it  is  necessary  that 
the  term  containing  (W  -  L)  must  equal  the  dropped  weight. 
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It  is  noted  that  the  de-coupled  equations  do  not  conprond.se 
the  ability  to  study  the  effects  of  nonlinear  landing  gear  forces . 

Although  considerable  work  has  been  acconplished  in  this  report  on  the 
basis  of  linearized  forces,  it  is  recommended  that  future  reference 
be  directed  along  the  lines  of  study  based  upon  statistical 
representation  of  a  nonlinear  landing  gear  farce*  Since  this  has  been 
accomplished  for  the  drop  test  problem,  the  Identical  methods  can  be 
employed  here.  For  example,  the  effect  of  nonlinear  tire  forces,  and 
forces  due  to  conpressed  air  and  oil  flow  through  the  orifice  can  be 
introduced  directly  into  the  equation  for  the  landing  gear  in  contact  with 
the  runway.  Of  course,  this  results  in  a  problem  for  which  a  numerical 
solution  is  required.  However,  the  advantages  for  obtaining  the  optimum 
landing  gear  design  can  not  be  over  estimated. 

Another  advantage  of  the  equations  in  this  form  is  that  the 
motion  in  the  other  coordinates  can  be  determined  from  the  solution  of 
the  first  equation.  For  example,  once  the  forcing  function  for  the 
landing  gear  in  contact  with  the  runway  is  established,  it  can  be  intro¬ 
duced  into  the  other  equations  to  obtain  the  solution  for  all  coordinates. 
However,  it  is  noted  that  the  mass  terms  associated  with  all  landing 
gear  units  not  in  contact  with  the  runway  do  not  have  the  physical 
significance  of  an  effective  mass.  In  other  words,  the  mass  term 
associated  with  any  landing  gear  unit  becomes  an  effective  mass  only 
after  that  landing  gear  unit  contacts  the  runway. 

It  is  significant  to  note  that  putting  the  derived  equations 
in  this  form  illustrates  the  importance  of  the  linear  vertical  velocity 
at  each  landing  gear  unit.  All  other  things  being  equal,  the  landing 
load  factor  will  depend  then  upon  the  vertical  rate  of  descent, 
effective  mass,  and  percentage  of  wing-lift  present.  The  effect  of  the 
wing- lift  term  can  be  disregarded  in  this  discussion  since  it  is  magni¬ 
fied  by  a  ratio  directly  related  to  the  effective  mass.  Hence,  the 
magnitude  of  the  load  factor  developed  on  any  one  landing  gear  unit  will 
depend  primarily  upon  the  vertical  rate  of  descent  at  that  landing  gear 
unit  and  its  effective  mass.  From  the  standpoint  of  landing  gear  design 
criteria,  this  effective  mass  term  represents  the  main  contribution  of 
this  report  since  it  includes  the  effective  airplane  geometry,  external 
forces  such  as  side  loads,  and  the  mass  characteristics  of  the  whole 
airplane.  In  other  words,  having  established  the  velocity  criteria 
for  the  most  severe  impact,  the  design  landing  gear  load  factor  will 
depend  entirely  upon  the  effective  mass. 

Die  dynamical  motions  of  an  airplane  during  landing  are 
produced  by  forces  arising  from  several  different  sources.  Of  principal 
concern  are  the  following. 

1.  Forces  arising  from  movement  of  the  control  surfaces. 

2.  Engine  forward  thrust  or  reverse  pitch. 

3.  Drag  due  to  flap  setting. 

4*  Reactions  from  landing  gear  units. 

5.  Forces  due  to  the  dynamic  response  of  the  airplane 
resonant  modes. 
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Other  forces  which  are  peculiar  to  the  airplane  design  or 
contribute  to  the  difficulty  of  analyzing  test  data  are 

a.  Forces  arising  from  a  drag  parachute  or  arresting  hook. 

b.  JATO  thrust  or  auxiliary  power  plants. 

c.  Drag  and  lift  due  to  spoilers. 

d.  Forces  due  to  boundary  layer  control,  etc. 

e.  Forces  due  to  gusts,  ground  effects,  etc. 

f.  Unbalance  forces  in  moving  parts  such  as 
engine,  propeller,  and  landing  gear. 

g.  Aerodynamic  impulse  from  the  propeller  or 
slipstream. 

h.  Aerodynamic  impulses  from  the  wake  of  the 
wing  or  fuselage. 

The  forces  due  to  the  control  surfaces  and  power  plants  at 
any  instant  are  subject  entirely  to  the  pilot's  control  technique. 

Since,  it  is  impractical  to  attempt  to  write  out  complete  equations 
to  include  all  possible  forces  that  can  act  on  the  airplane,  it  is  cus¬ 
tomary  to  assume  certain  equilibrium  conditions  at  the  outset  to  elimi¬ 
nate  some  of  the  forces  from  the  equations.  Of  course,  these  assumptions 
must  be  consistent  with  accepted  general  practice  used  in  landing  tech¬ 
niques.  However,  an  attempt  is  made  in  this  study  to  search  out  any 
combinations  of  the  forces  and  initial  conditions  that  lead  to  more 
severe  subsequent  impacts. 

In  regard  to  the  control  surfaces,  it  is  assumed  that  no 
accelerations  are  being  imposed  upon  the  airplane.  In  other  words, 
prior  to  contact,  all  forces  and  moments  except  wing  lift  are  balanced 
by  the  control  surface  settings.  Provisions  are  made  for  varying  the 
percentage  of  wing  lift  effective.  The  term  wing  lift  is  applied  to 
that  component  of  the  wing  lift  perpendicular  to  the  ground.  Since  it 
is  assumed  that  the  pitching  moment  acting  on  the  airplane  is  balanced 
by  the  elevator,  this  component  of  the  wing  lift  is  applied  at  the 
airplane  center  of  gravity.  This  leaves  the  aerodynamic  drag  forces 
which  are  assumed  to  be  balanced  by  the  forward  thrust  of  the  propellers. 
Hence,  it  can  be  seen  that  the  dynamical  action  of  the  airplane  during 
landing  depends  largely  upon  the  initial  conditions  established  at  the 
instant  of  contact. 

Based  upon  thses  assumptions  the  significant  forces  acting 
on  a  typical  airplane  are  shown  in  Figure  1. 

All  of  the  forces  acting  to  produce  motion  of  the  equivalent 
airplane  system  are  shown  in  Figure  1.  Since  the  magnitude  of  the 
effect  of  the  aerodynamic  damping  moments  are  not  known,  they  are 
included  in  the  equations  for  investigation.  The  effect  of  damping 
on  the  translational  degrees  of  freedom  is  assumed  to  be  negligible. 
Hence,  the  equations  of  motion  can  be  written. 
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A/PPS.AA/C  C  G. 


Fig.  1.  Geometrical  configuration  of  the  airplane 
during  contact  of  a  single  landing  gear 
in  an  un symmetrical  landing  maneuver. 


WADC  TR  54-110 


12 
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16c  -  - 

°1 

Ify  *  *■ 

Si 

— 

Mb  -  - 

V1 

+  w . 

■  L 

-  1 

V1 + 

h  Si  - 

■  C(p  9 

*** 

*  r 

Vi  ♦ 

h  Dx  - 

■  r  S]_  - 

-  1  Dx 

1 

0 

w 

Eqs .  (1)  define  the  motion  of  the  airplane  during  the 
interval  of  time  between  initial  contact  of  the  first  and  second  land¬ 
ing  gear  units.  Due  to  the  nature  of  the  relatively  small  displacements 
of  the  airplane  it  has  been  assumed  that  the  dimensional  relationships 
of  the  system  are  adequately  defined  by  an  airplane  coordinate  system 
always  moving  parallel  to  the  ground.  All  of  the  dimensions  will  be 
assumed  constant  with  the  exception  of  h  which,  of  course,  varies 
with  the  oleo  deflection. 


'Die  external  forces  producing  motion  of  the  airplane  during 
the  interval  of  time  of  contact  of  two  landing  gear  units  are  shown 
in  Figure  2.  The  equations  of  motion  become 


1&  =  -  D^  -  D2 
Ify  -  -  S1  -  s2 
Mz  *  -  Vx  -  V2  +  W  -  L 


(2) 


Ixx  V  -  1  (Vi  -  v2)  +  hx  S±  +  h2  S2  -  J 

1^  8  ■  r  (V-^  +  V2 )  +  hj.  Di  +  h2  D2  -  C0  0 

IjsP  ■  r  (Sx  *  s2)  *  1  (Dj  -  Dl)  -  crp 


It  is  noted  that  Eqs .  (2 )  can  be  transformed  to  be  identical 
with  Eqs.  (1)  by  setting  V2  *  D2  -  S2  ■  0.  Hence  it  is  concluded  that 
the  proper  form  of  the  general  equations  for  this  study  should  include 
the  forces  acting  on  all  landing  gear  units.  The  proper  sequence  of 
inpacts  in  any  detailed  study  being  obtained  by  setting  all  forces 
not  acting  equal  to  zero. 


The  external  forces  acting  on  a  tricycle  type  airplane 
during  any  phase  of  the  landing  maneuver  are  shown  in  Figure  3» 

3he  equations  are  written  to  include  all  of  the  forces  shown. 

Prior  to  contact  or  after  rebounding  clear,  the  proper  equations  are 
obtained  by  setting  equal  to  zero  the  forces  associated  with  all  the 
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Fig.  2.  Geonetrical  configuration  of  the  airplane 
during  contact  of  two  landing  gear  unite 
in  an  unaymaetrical  landing  maneurer. 
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landing  gear  units  not  in  contact  with  the  ground*  The  equations  of 
motion  are 


•  • 

Mx  ■  -  Di  -  D2  -  D3 

Hy  *  ~  S-j-  —  Sg  ~  S3 

Ifc  -  -  Vx  -  V2  -  V3  +  w  -  L  (3) 

^xx  <p  -  1  (Vx  -  V2)  +  hx  Sx  +  h2  S2  ♦  h^  S3  -  9 

Xyy  e  ■  r  (vx  *  V2)  -  p  V3  -  hx  *  h,  D2  .  hj  D3  -  C#  i 

\iV  •  r  (Si  *  s2)  -  p  s3  ♦  1  (Dj  -  1^)  -  Cr  if 

Eqs.  (3)  are  the  general  equations  defining  the  motion  of  a 
tricycle  type  landing  gear  during  landing.  Solution  of  these  equations 
can  be  obtained  for  any  airplane  for  which  satisfactory  approximations 
of  the  time  history  of  the  landing  gear  forces  are  available.  The 
initial  conditions  at  the  beginning  of  each  phase  of  the  landing  gear 
maneuver  will  depend  upon  the  pilot’s  commitments  prior  to  contact  and 
the  subsequent  response  of  the  airplane.  In  general,  all  or  part  of 
the  six  coordinates  can  have  initial  velocities  different  from  zero  at 
the  beginning  of  any  phase.  Usually,  the  origin  of  the  coordinate 
system  will  be  chosen  at  the  location  of  the  beginning  of  each  phase 
a  in  order  to  obtain  zero  initial  displacements  of  all  of  the  six 
coordinates • 
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Derivation  for  Three  Degree  of-  Freedom  Caae 


The  typical  equivalent  system  investigated  here  consists  of 
one  having  three  degrees  of  freedom,  namely,  translation,  roll,  and 
pitch.  In  order  to  provide  flexibility  for  comparison  of  all  types 
of  landing  gear  configuration,  the  geometry  of  the  landing  gear  system 
is  composed  of  four  independently  located  units.  Geometrical  parameters 
are  defined  so  that  bicycle,  tricycle,  and  quadricycle  landing  gear 
configurations,  as  well  as  systems  having  outrigger  gears  can  be 
s  inula  ted. 


A  sign  convention  and  geometrical  system  is  chosen  so  as  to 
somewhat  reduce  the  algebra  to  a  minimum.  The  initial  conditions  for 
each  phase  of  the  landing  maneuver  is  established  relative  to  a 
coordinate  system  where  the  origin  and  the  x-  and  y-axes  lie  in  the 
runway  surface.  Zero  initial  conditions  for  all  of  the  three  degrees 
of  freedom  corresponds  to  point  touch  contact  of  all  of  the  landing 
gear  units.  This  means  that  the  landing  gear  units  are  all  touching 
the  runway  but  not  yet  transmitting  forces  to  the  airplane.  Of  course, 
necessary  alterations  must  be  made  to  compensate  for  airplane  landing 
gear  designs  where  the  geometry  does  not  permit  all  landing  gear  units 
to  touch  simultaneously.  r 

A  schematic  diagram  of  the  airplane  equivalent  system  is 
shown  in  Figure  4. 

The  sign  convention  is  further  defined  byS 

(1)  The  x-  and  y-axes  are  in  the  plane  of  the  runway 
surface  with  x  positive  forward  and  y  positive  to 
the  right. 

(2)  The  z-axis  is  perpendicular  to  the  runway  surface 
and  through  the  airplane  center  of  gravity  with 

z  positive  down. 

(3)  The  airplane  attitude  is  defined  by  •  (pitch) 
positive  nose  down  and  <p  (roll)  positive  right 
wing  down. 

(4)  Vertical  moment  arms  to  the  airplane  center  of 
gravity  for  the  drag  and  side  forces  are  h^,  h2, 
h^,  and  h/  where  the  numerical  subscript 
corresponds  to  the  appropriate  landing  gear 
unit. 

Using  the  foregoing  definitions,  the  equations  of  motion 

are! 

l£  .  -  -  V2  -  V3  -  V4  +  W  -  L 

-  -  h  *1  -  h  v2  -  h  t3  -  I4  t4  *  hl  Sl  *  h2  H  *  h3  b  *  h4  s4 
V  -  -  ^v-r;  v2  -  r3  V3  -  r4  V4  *  ^  D1  ♦  h2  Dj  ♦  hj  Dj  *  h4  I>4 


(4) 
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It  is  noted  that  the  effect  of  landing  gear  deflections  has 
been  neglected  in  the  moment  arms  for  the  side  and  drag  forces.  This 
assumption  appears  to  be  compatible  with  the  approximate  nature  of 
the  friction  coefficients  used  to  obtain  these  forces.  Also*  it  is 
pointed  out  that  second  order  effects  of  geometrical  changes  are 
neglected. 


Utilizing  the  friction  coefficients,  relationships  between 
the  vertical,  side  and  drag  forces  are  as  follows  I 


si  - 

/Ys  vi» and 

(5) 

al¬ 
and  letting 

Ad  Vi 

(6) 

ai  - 

xi  "  hi/<s>  ** 

(7) 

bi  -  r±  -  h±  /(d 

The  Equations  of  Motion  become 

Mz  -  -  Vi  -  V2  -  V3  -  V4  +  W  -  L 

(8) 

•  • 

•  • 

V 

“  "  al  Vi  -  »2  V2  -  *3  V^  -  a^  V4 

-  -  bi  vx  -  b2  v2  -  b3  v3  -  b4  v4 

(9) 

Subject  to  the  initial  conditions 

•  • 

at  t  -  0,  z  ■  z„  z  •  zn 

*  0  .  .o 

<P  ■  <P0  9  -  90 

e  -  ©o  ©  -  e0 

The  relationship  between  the  vertical  location  (or  deflection) 
of  each  landing  gear  unit  and  the  coordinates  of  the  airplane  is  given 
by 

?i  -  z  +  ii  tp  +  r*i  e  (io) 

Hence,  the  total  kinetic  energy  of  the  airplane  is  given 
by 

T-|lfe2+|lSDCii>2+7lyy0;2  (11) 
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Derivation  for  Effective  Mass 


The  dynamics  of  the  system  involving  three  coordinates 
is  defined  by  Eqs.  (9)«  However,  in  order  to  introduce  the  concept 
of  effective  mass  as  used  in  this  report  it  is  necessary  to  make  a 
coordinate  transformation  that  will  decouple  the  system  both 
inertially  and  elastically.  It  is  noted  here  this  can  be  accomplished 
only  for  one  coordinate  (or  one  landing  gear  unit)  at  a  time.  Also, 
it  is  necessary  that  the  landing  maneuver  be  restricted  to  that  where 
only  one  landing  gear  unit  at  a  time  contacts  the  runway  during  the 
landing  rebound  and  runout  period. 

For  an  airplane  having  three  landing  gear  units,  the  trans¬ 


formation  equations  are 

z  *  ^  *  5-jjj  ^  ^  ^12  ( 12 ) 

<p  *  +  ®22  z2  +  ®23  (13) 

•  *  a31  \  +  a32  z2  +  a33  (14) 

where 

1 

*11  *  3  (*2  r3  ”  *3  r2^  (15) 

*12  mY(1l  *1  ”  11  *3*  (16) 

*13  “  ~f"  ^1  r2  "  *2  rl^  (17) 

*21  “  "3"  (r2  ’  r3^  (18> 

*22  ’  IT  (r3  *  rl>  (19) 

*23  *  T  (rl  "  r2>  (20) 

l31  -  (13  -  la)  (2D 

*32  *  (lj  -  I3)  (22) 

*33  “  g  (^2  “  -4.)  (23) 

3  -  rx  (13  -  I2)  -  r2  (13  -  lx)  +  r3  (lg  -  lx)  (24) 
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The  total  kinetic  energy  of  the  airplane  becomes 

T  “  2  “ll  *1  *  \  *22  *2  +  5  “33  h2 
•  •  •  •  •  • 

*  “L2  *x  *2  *  “13  %  ®3  *  “a  *3 


where 


“u 

"  M  all2  +  bx  *21 

+  by  a312 

“22 

-  M  a^2  +  ^  a222 

+  by  a322 

*33 

"  M  al32  +  ^aoc  a232 

+  Jyy  a332 

%2 

*  H21  ■  M  an  ai2  + 

bx  a21  a22  + 

hr 

a3i 

a32 

% 

"  ^31  "  M  aii  a13  + 

bx  a21  a23  + 

by 

a31 

*33 

^23 

*  “32  “  “  ^12  a13  + 

bx  a22  *23  + 

by 

a32 

a33 

And  the  total 

work  done  is 

6W 

*  £  vi  wx  +  (W  -  L) 

1  auTJe*i 

♦  ^;Viw2  +  (w- 

L)  a-^j  6®2 

+  E  Vi  W3  +  (W  " 

1)  aijl  623 

(25) 


(26) 


where 


-  total  vertical  force  acting  on  the  ith  landing  gear  unit* 
wi  •  a^i  +  a^  a^  +  a-ji  b* 


*31  i 

w2  ’  a12  +  ®22  *i  +  a32  *i 
w3  *  *13  +  *23  ai  +  a33  bi 


(27) 


Substituting  into  Lagrange's  equation  gives  the  equation 
of  motion  as  follows 


“ll  *1  +  “12  z2  +  *13  h  “  "  Vi  W1  +  (W  "  L)  an 
•  •  •  •  •  • 

%  Z1  +  ^22  z2  +  ^3  z3  "  “  Vi  w2  *  ~  a12 

•  •  •  •  it 

Itjl  z1  +  Uj2  +  ^33  z3  *  “  vi  w3  *  (w  ~  ai3 


(28) 
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Straightforward  algebraic  methods  are  used  now  to  couplets 
the  transformation  to  the  decoupled  system.  This  is  carried  out  by 
first  solving  Eq.  (23)  for  the  accelerations  . . 

^2,  and  z^* 

Then  the  final  equations  are  obtained  by  dividing  each  equation  by  the 
corresponding  total  coefficient  of  V^.  This  gives  the  following 
equations  of  motion. 


*1  eq.  h  ■  -  Ti  *  h  -  L> 

•*2  eq.  H  -  -  *  h  -  L> 

“)  eq.  b  '  -  \  *  b  -  « 

(29) 

1L  -  -SL- 

T.  eq. 

(30) 

•2  eq  • 

l21 

(31) 

1L  -  Jfe- 

^eq.  %1 

(32) 

L_  *  ..-1?— 

% 

(33) 

Lp  *  - 

021 

(34) 

L~  -  -232_ 

hi 

(35) 

“l  '  H22  -  1*23  %2 

U 

(36) 

(37) 

^  '  “a  >bi 

TV  U 

^  “ll  “22  -  «12  “21 

(38) 

B  •  “ll  <“22  *b3  *  *23  V  *  >bl  (“12  “33 

’*13  V 

*  *bl  (*b2  *^23  -  *bl3  U22^ 

(39) 
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*11 

•  °11  W1  *  °12  w2  *  °33  w3 

(40) 

<*12 

-  On  an  +  0x2  »12  +  °13  ^ 

(41) 

*a 

*  g21  W1  +  °22  w2  *  °23  *3 

(42) 

*22 

*  °21  all  +  °22  al2  +  G23  a!3 

(43) 

*31 

-  031  wx  ♦  032  w2  +  G33  w3 

(44) 

*32 

*  °31  all  +  G32  *12  +  °33  a13 

(45) 

Oil 

**  1.0 

(46) 

°12 

“22  “33  -  H23  “32 

(47) 

°13 

“22  “33  "  ^23  “32 

(48) 

°21 

Ha.  -  “23  “11 
“11  “33  -  “13 

(49) 

^22 

-  1.0 

(50) 

°23 

-  .  “Ll  “23  -  “13  “2! 

“u  ‘  “u 

(51) 

°31 

“u  “22  -  “12  “21 

(52) 

°32 

-  .  “Ll  “32  -  %2  “22 
“LL  “22  “  “12  “21 

(53) 

°33 

■  1.0 

(54) 

This  completes  the  coefficients  required  for  Eqs.  (29).  It 
is  noted  that  the  equation  for  the  landing  gear  unit  is  completely 

decoupled*  Hence,  its  mass  term  is  the  effective  mass  acting  on  the 
landing  gear  unit  in  contact  with  the  runway*  The  other  two  mass 
terms  for  the  landing  gear  units  not  in  contact  with  the  runway  have 
no  simple  physical  interpretation . 
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For  the  purpose  of  studying  the  effect  of  geometrical, 
inertial,  and  external  force  parameters,  it  is  assumed  that  a 
good  approximation  of  any  force-time  history  generated  by  a 
landing  gear  unit  can  be  obtained  from  the  proper  choice  of  a 
linear  spring  and  a  viscous  damper.  Once  chosen,  the  spring 
rate  and  the  damping  coefficients  mist  remain  constant  through nut 
the  impact*  However,  it  is  conceivable  that  a  landing  gear  unit 
could  have  several  sets  of  spring  rates  and  danping  coefficients 
to  produce  the  variety  of  force- time  histories  obtainable  from 
various  types  of  hard  and  soft  landing  Impacts . 

Hence,  let 

Vt  -  zL  +  K±  z±  (55) 

Then  Eqs.  (29)  become 

“l  eq.  *1  *  Ci  K  *  Ki  -  4  (»  -  » 

*•  e 

^2  eq.  z2  +  Ci  zi  *  h  H  “  1*2  (*  -  L)  (56) 

•  e  e 

M3  eq.  z3  +  C±  z±  ♦  K±  -  Lj  (W  -  L) 

In  this  form,  the  equations  permit  the  study  of  the 
individual  response  of  each  landing  gear  unit  to  the  lanHing 
forces.  Hie  initial  conditions  are 


a*  t  •  0,  *x  -  z1Q,  ij  -  Zjq,  I3  -  i30> 

—  JL  •  •  • 

Z1  '  zl0*  z2  *  z20>  z3  “  z30 

For  the  landing  gear  unit  in  contact  with  the  runway 
(i.e.  i™  unit),  the  displacement,  velocity,  -and  acceleration  become 


where 


+ 

o 

e**  sin  tj  ■ 

t  +  COS  TJ  • 

i 

(57) 

Ji3  (rje5^  cos  t]  t  + 

fe^  sin  rj  t) 

♦  Ju 

/  ft 

(  J e  cos  t]  t 

n 

-  Tj  e 

sin  t) 

t) 

(58) 

J13  j 

V-T,2)." 

sin  t)  t 

♦  a  r 

T,.* 

COS  TJ  tj 

*  Ju' 

/  .2  2\  ft 

(  f  -  *n  )  e,v 

COS  T)  t 

-2f 

„  Jft 
*1  0 

sin  n  t  (59)J 

m  _ 

Ci 

2^«J. 

(60) 
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*1  “ 


13 

Ji4  '  “io 


5  {L-rfc.-Mf1?} 


J4,  .1,.  . 


(61) 

(62) 

(63) 

(64) 


The  general  equations  for  either  of  the  two  landing  gear 
units  not  in  contact  with  the  runway  are  obtained  by  integrating 
twice  with  respect  to  time.  This  gives  the  following  equations 
for  the  displacement,  velocity,  and  acceleration  of  the 
landing  gear  unit. 

Tt 


■■1  ■  Jjo  ♦  *n  t  ♦  JJ2  t  *  •  sin  *1  t 


Yt 

+  e  cos  t]  t 


(65) 


JJ2 
J  t 


j  "  Jjl  +  2  ^  +  ^3  (^  Cos  "H  t  ♦  Jf  e"  u  sin  Tj  t) 


rt 


P 


Jj4  (ye’1'  cos  tj  t  -  tj  e^  sin  tj  t) 


(66) 


where 


9  2  Jj2  +  j(  f 2  -  tj2)  e^  sin  tj  t  +  2  f  tj  eTt  cos  tj  tj 
+  p(|2  -  tj2)  e^  cos  T)  t  -  2  ? tj  e^  sin  tj  tj  (67) 

'jo  -  5— r^Jo  ♦(^J«su)  j(T2  -  y?)  <rot  JU  *  n  c,  j0 

+  Ki  Ji4^  -  2f  n  (T°i  Ji3  -  ci  Ju  +  Ki  J&jJ  (68) 


Jjl 


^a0  +^[)(-fci  Ji3+^Ci  Ju-Ki  Ji3) 


-  fttCi  Ju*t,Ci  ^  JujU 


(69) 

(70) 
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J33  -  -  I2’  (-  TCj^  Ju  .T,  Oj.  JU  -  1^  JU) 

-  2  7  *1  (  f  Ot ,JU  *  *i  Ju  *  Ki  JUK  (71) 

J)4  ’  (^f  [-  (  ?2  -  r,2)  <  f  ci  JU  *  1  °i  J13  *  h  V 

*  2  H  (  r  Oj.  -  t)  Ot  Ju  ♦  Kt  (72) 

Using  Eqs.  (57)  through  (72)  inclusive,  the  complete  response 
time-histories  of  any  landing  inpact  can  be  calculated  for  any  three 
landing  gear  units.  In  this  form,  the  equations  permit  optimum  flexi¬ 
bility  for  independently  studying  the  characteristics  of  each  landing 
gear  unit.  A  similar  process  can  be  used  for  the  nonlinear  case 
using  numerical  methods. 

The  motion  of  the  airplane  in  free  flight  is  given  by 

^  'S 

h  ■  >  <*» 


With  the  initial  conditions 

at  t  *  0,  »!  -  I10,  *2  "  *20*  *3  ‘  ®30» 


*1  ■  *10*  *2  '  *20*  and  *2  "  ’30 


for  which  the  solutions  are 


*1  ■  2 10  *  210  *  *  * 


i  (*  -  t2 

“lW. 


_  i  i  l,  or  -  D  , 

*2  '  *20  *  *20  *  *  I  1 

—  eq  • 

r  .  .  I  L,  (W-  L)  .2 

*3  *30  +  *30  *  +  5  -  t 


“3  eq. 
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f 


-l 


Z10  + 


hJ g,-  Lj 

^  eq. 


*2  "  z20  + 


LgJW  -  LJ 


ifc 


GQ  « 


-  -  L,  (W  -  L)  . 

z3  *  z3o  +  ^ 1 


eq. 


(75) 


Where  the  total  time  of  free  flight  is  given  by  the  following 
equations  for  (W  -  L)  -  0 


-2* 
Si 


Jio 


(76) 


for  (ff  -  L)  jk  0 


hz  ,  / 

c  ■  — i — =a 

Mi  eq.  zio 

2  2  “i  eq. 

Li  (vr  -  l)  J 

In  (W  -  L) 

Li  (W  -  L) 

(77) 


XV 

In  this  case,  the  i  unit  is  the  first  landing  gear  to 
contact  after  free  flight. 

The  equation  for  the  force  at  any  instant  of  time  is  given 
by  Eq.  (55).  Hence,  the  time  at  which  the  maximum  force  occurs 
is  obtained  by  setting  the  derivative  with  respect  to  time  equal 
to  zero.  This  yields 

\ *1"'1  JTTW^  <78) 


where 


r  -  H  J-t/.  4  2/ *  (7  -  tj^)  C .  Jy, 

-7Ki  Jjj  +11^  Jj^  +  27r)  C±  J14  -  (  7^  -  q  ) 

The  time  at  which  the  maximum  force  occurs  is  obtained  from 
Eq.  (78).  Substituting  this  time  into  Eq.  (55)  gives  the  maximum 
force  generated  during  the  impact  on  the  i^1  landing  gear  unit. 


(79) 
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Discussion  of  Correlation  with  Drop  Test  Requirements 


In  the  previous  section  of  this  report,  equations  are  shown 
in  terras  of  the  effective  mass  acting  on  each  landing  gear  unit.  Hie 
equation  for  the  landing  gear  unit  in  contact  with  the  runway  (i^1 
unit)  is  shown  as  follows 

Mi  eq.  4  +  Vi  "  Li  (w  -  L)  (80) 

Subject  to  the  initial  conditions 

•  • 

at  t  -  0, z±  -  ziQ,  and  z±  -  zio 

Where  Vi  is  the  total  vertical  forcing  function  acting  on 
the  i^1  landing  gear  unit. 

It  can  be  seen  that  only  one  degree  of  freedom  is  involved 
in  Eq.  (80).  However,  drop  test  calculations  are  usually  based  upon 
two  degrees  of  freedom,  ftie  equations  of  motion  for  a  typical  drop 
test  configuration  are  shown  as  follows 


H*.  z  +  V  "  Weq. 

(81) 

m^'  -  V  ♦  »  w 

(82) 

where 


z  ■  vertical  displacement  of  dropped  mass 

»  vertical  displacement  of  wheel  axle 

Msq.  and  Weq#  *  mass  and  weight  of  dropped  mass 

m  and  w  ■  mass  and  weight  of  wheel  assembly 

V  *  total  vertical  force  acting  in  strut 

*  total  vertical  force  acting  on  tire 

If  it  is  assumed  that  the  effective  mass  term  in  Eq.  (80) 
does  not  include  the  mass  of  the  wheel  assembly,  the  left  sides  of 
Eqs.  (80)  and  (81)  are  compatible.  To  obtain  correlation  with  the 
right  sides  of  these  equations  it  is  necessary  that  the  airplane 
have  a  wing  lift  such  that 

V.  ■  h  <"  '  L> 

or 
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Numerical  calculations  hare  shown  that  this  equality, 

Eq.  (80)  ,  checks  for  the  case  of  zero  wing  lift  and  with  no 
applied  side  or  drag  farces. 

Eqs.  (81)  and  (82)  have  been  solved  successfully  for 
drop  test  configurations  using  numerical  techniques.  In  these 
solutions  all  known  factors  pertaining  to  the  nonlinear  character¬ 
istics  have  been  included.  For  example,  nonlinear  tire,  oleo  air, 
and  oleo  orifice  flow  data  has  been  used.  A  reasonable  approxi¬ 
mation  of  these  nonlinear  effects  on  the  airplane  can  be  obtained 
by  replacing  Eq.  (80)  by  Eqs.  (81)  and  (82)  and  utilizing  the 
known  numerical  methods  of  calculation. 
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SECTION  III  CALCULATED  HESULTS  AND  COHHELATION  WITH  FLIGHT  TEST  SATA 

Calculating  Machine  Technique 

The  IBM  Card-Programmed  Electronic  Calculator  was  used  for  the 
large  scale  calculations  made  in  connection  with  this  report.  General 
purpose  control  panels  were  used  having  all  of  the  operations  needed. 

The  analytical  equations  were  programed  for  sequential  calculations 
on  the  machines.  The  calculations  were  performed  entirely  on  a  float¬ 
ing  decimal  Basis,  numerical  symbols  were  introduced  to  represent  the 
algebraic  symbols  of  the  analytical  work.  These  Symbols  were  punched 
in  cards  in  such  a  manner  that  they  appeared  opposite  the  answers  as  re¬ 
quired.  In  addition,  a  minor  deck  programming  system  was  employed  where 
each  minor  deck  could  be  treated  as  a  unit  of  calculation.  Using  this 
technique  the  large  decks  were  built  up  by  programming  the  minor  decks 
and  repeating  them  wherever  necessary.  This  expedited  the  checking  be¬ 
cause,  whereas  a  minor  deck  might  be  used  ten  times,  it  was  only  neces¬ 
sary  to  check  the  one  original.  Wherever  possible,  numerical  data  were 
substituted  back  in  the  original  differential  equations  in  the  actual 
programming.  This  means  that  every  calculation  was  automatically  checked 
by  the  calculating  machine.  Each  airplane  landing  response  calculation 
was  divided  into  phases  depending  upon  the  character  of  the  forces  act¬ 
ing.  For  example,  the  period  during  which  the  direct  force  acted  on  the 
landing  gear  was  designated  as  Phase  1  for  that  landing  gear  unit.  The 
remainder  of  the  time  during  which  that  landing  gear  unit  was  in  contact 
with  the  runwayms  designated  as  Phase  2.  Phase  3  was  reserved  for  the 
duration  of  time  between  impacts.  Denoting  the  landing  gear  units  with 
Number  1  for  left  main  gear,  Number  2  for  right  main  gear,  and  Number  3 
for  nose  gear  completed  the  definition  of  a  landing  phase.  For  example, 
201  denotes  Phase  2  for  landing  gear  Number  1,  and  312  denotes  Phase  3 
or  free- flight  from  landing  gear  1  to  landing  gear  2.  Numerical  calcu¬ 
lations  were  made  for  six  airplanes,  namely,  C-119-B,  XC-120,  C-119H, 
B-36,  F-84,  and  C-47.  Parameter  variations  were  made  to  show  the  ef¬ 
fect  of  wing-lift,  lateral  distance  from  centerline  of  the  airplane  to 
the  main  landing  gear  unit,  fore  and  aft  location  of  the  c.g.  relative 
to  the  landing  gear  configuration,  side  load,  flexibility  of  the  land¬ 
ing  gear  unit,  and  damping  characteristics  of  the  landing  gear  unit. 

These  calculations  were  performed  for  three  rates  of  descent, 
namely  12  ft.  per  second,  8  ft.  per  second,  and  4  ft.  per  second.  In 
each  case  the  initial  rate  of  descent  and  maximum  force  was  calculated 
for  the  landing  impact. 

Comparison  of  Calculated  and  Measured  Response  Data 

For  this  investigation  several  landing  tests  were  conducted  using 
the  C-119-H  airplane.  Various  landing  techniques  were  employed  in  or¬ 
der  to  try  to  accentuate  the  unsymmetrical  landing  characteristics  of 
the  airplane.  Since  several  of  the  tests  were  conducted  leaving  the 
technique  entirely  up  to  the  Judgment  of  the  pilot,  some  of  the  land¬ 
ing  records  show  somewhat  unorthodox  use  of  the  control  surfaces  dur- 
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lag  the  landing  maneuver.  However,  it  is  considered  significant  that 
approximately  40$  of  the  landings  indicated  a  higher  reaction  on  the 
second  main  landing  gear  to  contact  the  runway.  In  no  case  was  a 
landing  maneuver  executed  in  which  the  nose  gear  contacted  the  runway 
before  the  second  main  landing  gear.  This  is  probably  due  to  the  fact 
that  the  c.g.  of  the  airplane  is  located  fairly  close  to  the  axis  of 
the  main  landing  gear  in  a  fore  and  aft  direction. 

Extensive  statistical  data  have  been  compiled  from  these  landing 
tests  for  comparison  with  landing  test  data  from  other  airplanes  avail¬ 
able  for  this  study.  The  other  airplanes  included  are  the  C-119  G, 

F-84  E.  B-36,  and  C-47.  Although  this  represents  a  considerable  quan¬ 
tity  of  test  data,  a  complete  statistical  picture  of  the  problem  is  not 
presented  in  this  report.  It  should  be  noted  here  that  the  scope  of 
the  work  to  be  accomplished  by  this  report  is  limited  to  studies  of  the 
severity  of  a  subsequent  impact  relative  to  the  first  impact  and  to  de¬ 
rive  methods  that  will  lead  to  improvement  in  the  existing  landing  gear 
design  criteria.  A  large  quantity  of  landing  analyses  have  been  made 
using  the  IBM  Card-programmed  Electronic  Calculator  in  order  to  present 
statistical  data  showing  the  severity  of  the  second  impact  relative  to 
the  first.  Tables  and  charts  have  been  prepared  showing  the  results  of 
these  analyses.  The  results  have  shown  that  the  second  main  landing 
gear  unit  impacts  are  harder  than  the  first.  Most  important  is  the  ef¬ 
fect  of  location  of  the  landing  gear  unit  on  the  airplane.  The  data, 
of  course,  lead  to  a  fuller  understanding  of  the  dynamical  problem,  how¬ 
ever,  they  leave  the  main  question  in  regard  to  landing  gear  design  cri¬ 
teria  unanswered.  The  basic  problem  of  the  landing  gear  design  engineer 
is  to  determine  the  magnitudes  of  the  design  loads  to  be  applied  to  each 
landing  gear  unit  of  the  airplane.  In  order  for  him  to  do  this,  it  is 
necessary  to  arrive  at  a  criterion  taking  into  account  all  of  the  fac¬ 
tors  mentioned  above.  It  appears  that  this  criterion  can  best  be  ob¬ 
tained  as  a  modification  of  the  existing  criterion.  For  example,  stqp- 
pose  that  based  upon  past  experience ,  a  basic  rate  of  descent  of  say  8 
or  9  feet  per  second  is  agreed  upon.  A  magnification  factor  dependent 
upon  the  geometric,  inert ial ,  and  external  force  characteristics  is 
then  used  to  increase  the  basic  rate  of  descent  data  to  be  used  for 
designing  each  landing  gear  unit.  Of  course,  a  different  magnification 
factor  would  be  expected  for  a  nose  gear  as  opposed  to  a  main  gear.  The 
actual  load  factors  to  be  used  for  the  landing  gear  design  will  still 
depend  upon  the  geometrical,  inertial,  and  external  force  data  for  the 
airplane  as  well  as  the  flexibility  and  damping  characteristics  of  each 
landing  gear  unit.  The  basis  for  a  nose,  gear  design  criterion  is  some¬ 
what  more  difficult.  This  results  from  the  influence  of  pilot  technique 
in  manipulating  the  control  surfaces  during  the  landing  maneuver.  This 
brings  in  the  aerodynamic  performance  characteristics  of  the  airplane. 
For  example,  it  is  conceivable,  that  an  airplane  having  a  very  powerful 
elevator  might  never  contact  the  runway  with  its  nose  gear  during  the 
initial  phases  of  a  landing.  It  appearc  that  the  usual  pilot  tech¬ 
nique  employed  during  landings  is  to  holv  '^e  nose  gear  off  the  runway 
until  the  airplane  has  slowed  down  consid'  rably.  However,  theoretical 
calculations  shown  in  this  report  indicate  that  for  a  very  hard  landing 
it  might  not  be  possible  to  hold  the  nose  gear  off.  The  effect  of  pi¬ 
lot  technique  is  not  included  in  the  computations  shown  in  this  report. 
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Several  Ike tors  contribute  to  the  complication  of  the  analytic  of 
the  initial  impact.  In  addition  to  initial  yawing  and  pitching  moments 
that  can  he  supplied  by  the  pilot,  initial  velocities  in  all  of  these 
degrees  of  freedom  can  be  present  as  a  result  of  some  previous  tech¬ 
nique  before  the  first  landing  impact.  However,  it  is  shown  in  this 
report  that  by  far  the  most  important  parameter  for  any  impacts  is  the 
linear-vertical  velocity  of  that  landing  gear  unit.  This  is  as  it 
should  be  since  all  existing  landing  gear  criteria  are  based  upon  this 
parameter. 

It  is  to  be  noted  that  the  majority  of  the  statistical  calcula¬ 
tions  tabulated  in  this  report  are  based  upon  rigid  body  motion  of  the 
airplane.  Hence,  consideration  of  the  airplane  flexibility  constitutes 
another  phase  of  the  landing  gear  design  problem.  It  is  recommended 
here  that  future  design  criteria  provide  for  each  airplane  manufactur¬ 
er  to  conduct  approximate  dynamical  analyses  to  take  into  account  air¬ 
plane  flexibilities.  This  recommendation  is  made  primarily  because  it 
is  the  only  approach  that  will  yield  an  adequate  distribution  of  dynami¬ 
cal  stress  throughout  the  airplane. 

It  is  to  be  noted  that  rigid  body  dynamics  has  been  used  for  the  ma¬ 
jority  of  the  statistical  calculations  tabulated  in  this  report.  The 
problem  of  airplane  flexibility  and  its  effect  on  the  detailed  stress 
distribution  throughout  the  airplane  present  complications  beyond  the 
scope  of  this  report. 

The  initial  numerical  work  for  this  report  was  Bet  up  so  that  the 
dynamic  response  of  the  airplane  could  be  obtained  for  an  arbitrary 
forcing  function.  Figures  9a  and  9b  show  the  results  of  one  of  these 
calculations.  The  forcing  function  was  obtained  as  force  versus  dis¬ 
placement  from  drop  test  data. 


This  approach  was  abandoned  for  most  of  the  work  shown  in  this  re¬ 
port  because  of  the  lack  of  drop  test  data  from  which  to  obtain  forc¬ 
ing  functions  for  all  of  the  airplanes  analyzed.  Also,  it  was  con¬ 
sidered  important  to  sacrifice  accuracy  somewhat  with  the  view  to 
develop  equations  more  useful  to  the  study  of  design  criteria  for  land¬ 
ing  gears. 


Figures  5,  6,  7,  and  8  show  the  conparison  between  landing  test  data 
and  response  data  calculated  by  the  methods  shown  in  this  report.  Al¬ 
though  exact  duplication  was  not  obtained,  the  results  show  that  the 
characteristic  behavior  of  the  dynamical  systems  have  been  simulated. 

The  data  shown  pertains  to  the  F-84  E,  C-47,  C-119  H,  and  B-36  airplanes. 

Factual  Data  for  the  F-84  I  Airplane  for  Landing  Test  4-5 


1^  “  -52.5  inches 
r^  ■  -15  inches 
r3  a  128.4  inches 
M  »  34.3  lb-in^-sec2 
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with  tip  tanks 


I^Qc  -  3.98  x  10**  lb-in-sec.2 
Iyy  “  1.61  x  105  lb-in-sec.2 
h]_  -  54.4  inches 

h2  *  54*4  inches 
h<3  “64.8  inches 

W  -  13,239  lbs. 
iM  ;T  35.0  in. /sec. 
z2Q  *  42.5  in. /sec. 

Factual  Data  for  C-47  Airplane  for  Landing  Test  2-4 
(z)Q  ■  -  0.44  inches 
(<p)0  *  .0124  rad.  left 
(O.)0  *  .0272  rad.  nose  up 


(■1)0 

-  0 

(z2 

Jo 

■  -  2.75  inches 

(*3 

)o 

*  -  78.3  inches 

h 

* 

-  Ill  inches 

ri 

K 

-  34.7  inches 

M 

* 

60.1  lb-in-'1'  sec.2 

*xx 

m 

5.6  x  10"*  lb-in-sec. 

I 

m 

9.35  x  10"*  lb-in-sec 

yy 

hi 

m 

109  inches 

h 

m 

109  inches 

h 

m 

19.3  inches 

r3 

m 

406.8  inches 

w 

m 

23,185  lbs. 

ho 

m 

27  in. /sec. 

• 

z20 

m 

40.5  in./sec. 

WADC  TR  54-110 


33 


Factual  Data  for  C-119-H  Airplane  for  Landing  Test  12 


(z)0  " 

-  9*78  inches 

(<p)0  - 

2.6*  L 

(0)0  - 

3.4*  Up 

<Zl)o  “ 

0 

(z2)o  - 

-  17.01  inches 

<hh  m 

-  28.02  inches 

h  - 

-  18.75  inches 

rl  * 

-  21.37  inches 

M 

172.3  lb-in-1  sec.2 

•^CX 

9.03  x  10^  lb- In-sec 

hnr 

5.72  x  10^  lb- in-sec 

\  " 

117.2  inches 

**2 

117.2  inches 

h3 

117.68  inches 

r3  “ 

307.68  inches 

w 

66,500  lbs. 

*10  * 

35  in/sec. 

• 

*20 

48  in/sec. 

ta  for  B-36  Airplane 

h  " 

-  276  inches 

ri 

-  96  inches 

r3  * 

612  inches 

u 

850  lbs-sec ,2/inch 

*XX  - 

1.54  x  10®  inch- lbs-i 

%  * 

8.26  x  107  inch- lbs-i 

hl  - 

216  inches 

2 

» 
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■  216  inches 
-  197.6  inches 
W  -  328,000  lbs. 

Z  ■  50  in/sec 

x 

(Zi0)( second  impact)  -  29  in/sec 


Comparison  with  Impulse  -  Momentum  Methods 

Reference  18  shows  derivations  for  the  initial  contact  conditions 
for  subsequent  impacts  based  upon  an  impulse-momentum  theory.  Essen¬ 
tially,  the  method  is  based  upon  the  usual  assumptions  completely 
linearizing  the  problem  except  in  regard  to  the  so-called  landing  gear 
forcing  functions.  Equations  are  shown  for  several  landing  maneuvers 
involving  one  or  more  landing  gear  units  at  the  same  time.  These 
equations  yield  the  initial  conditions  for  the  next  phase  of  the  land¬ 
ing  maneuver.  An  analysis  of  an  airplane  can  be  performed  by  several 
steps  where  the  final  conditions  of  each  step  are  used  for  the  initial 
conditions  for  the  following  step.  The  momentum  relations  for  an  air¬ 
plane  which  contacts  the  runway  on  one  landing  gear  only  will  yield 
two  equations;  however,  three  unknown  parameters  are  necessary  to  de¬ 
termine  the  dynamical  response  of  the  system.  Hence,  it  is  necessary 
in  this  case  to  introduce  an  empirical  equation  based  upon  a  relation 
with  the  overall  landing  gear  efficiency.  This  provides  the  third 
equation  so  that  a  solution  can  be  obtained.  As  the  number  of  land¬ 
ing  gear  units  in  contact  with  the  runway  is  increased,  a  correspond¬ 
ing  number  of  empirical  equations  must  be  introduced.  For  example, 
with  two  landing  gear  units  in  contact  with  the  runway,  it  is  necces- 
sary  to  add  two  empirical  equations.  From  the  standpoint  of  obtain¬ 
ing  initial  contact  conditions  for  subsequent  impacts,  this  is  a  very 
ingenious  technique  since  considerable  data  are  available  for  the 
overall  efficiency  of  all  kinds  of  landing  gear  units.  However,  hav¬ 
ing  the  initial  conditions,  the  design  engineer lis  still  faced  with 
the  problem  of  determining  the  magnitude  of  the  forces  acting  on  the 
landing  gear  units. 

A  derivation  for  effective  mass  is  shown  also  based  upon  the  im¬ 
pulse-momentum  theory.  The  effect  of  all  the  geometric,  inertial, 
and  force  parameters  appear  to  be  included  in  these  equations.  How¬ 
ever,  it  is  not  shown  that  the  derived  effective  mass  meets  a  tangi¬ 
ble  definition  in  relation  to  the  dynamical  system.  In  the  first 
place,  a  clarification  should  be  made  as  to  the  use  of  the  term  "ef¬ 
fective  mass"  in  connection  with  landing  gear  design  criteria.  It  is 
a  practice  in  general  dynamical  analyses  to  use  the  term  "equivalent 
mass"  in  a  rather  broad  sense.  Wherever  two  coordinate  systems  are 
used,  the  concept  of  an  equivalent  system  is  usually  introduced.  The 
first  set  of  coordinates  fundamentally  defines  the  dynamical  system, 
whereas  the  second  set  is  chosen  in  order  to  arrabge  the  equations  in 
a  manner  more  suitable  for  numerical  evaluations.  The  mass  terms  in 
the  equations  relating  the  second  set  of  coordinates  are  usually  de- 
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fined  as  equivalent  mass  term  includes  the  effect  of  all  masses  on  the 
total  kinetic  energy  arising  from  the  velocity  of  the  related  coordi¬ 
nate.  Whereas,  dynamically  coupled  systems  include  the  same  kind  of 
terms  as  the  elastically  coupled  system  with  the  addition  of  cross 
coupling  terms  arising  from  the  part  of  the  total  kinetic  energy  due 
to  the  cross  products  of  the  velocities. 

It  can  be  seen  that  considerable  difficulty  can  be  encountered 
in  trying  to  attach  physical  signifigance  to  equivalent  mass  terms 
as  defined  above.  However,  for  the  problems  associated  with  landing 
gear  design  criteria,  it  appears  that  the  effective  mass  acting  on 
each  landing  gear  unit  must  be  defined  in  a  much  more  restrictive 
sense.  Actually  the  problem  is  to  relate  the  dynamics  of  the  air¬ 
plane  to  that  of  the  drop  test.  Hence,  a  coordinate  transformation 
must  be  performed  to  decouple  the  coordinate  associated  with  the 
landing  gear  unit  in  contact  with  the  runway  both  elastically  and  dy¬ 
namically.  The  mass  term  associated  with  this  coordinate  is  the  ef¬ 
fective  mass  acting  on  that  landing  gear  unit  and  can  be  directly 
associated  with  the  drop  test  equation.  Any  set  of  original  equa¬ 
tions  which  cannot  be  so  transformed  cannot  be  directly  related  to 
the  drop  test  equations  and  hence  cannot  have  a  true  effective  mass. 

It  is  to  be  noted  also  that  the  usual  concept  of  kinetic  energy  in 
connection  with  landing  gear  design  criteria  can  have  physical  sig¬ 
nifigance  only  if  calculated  using  a  true  effective  mass. 

Figures  10,  11,  12,  and  13  show  curves  comparing  the  results 
obtained  in  this  report  and  those  shown  in  Reference  19.  Good  a- 
greement  was  obtained  for  the  case  of  full  wing  lift.  Whereas, 
although  the  trends  are  the  same,  a  difference  in  magnitude  is 
shown  for  the  case  of  two-thirds  wing  lift. 


Effect  of  Parameter  Changes 

Certain  problems  exist  in  the  use  of  the  effective  mass  for  de¬ 
termining  landing  load  factors.  For  example,  it  is  possible  to  lo¬ 
cate  the  landing  gear  units  so  close  together  that  it  is  not  possi¬ 
ble  to  obtain  independent  impacts  on  the  landing  gear  units.  In 
this  case,  the  transaction  of  tv/o  or  more  landing  gear  units  must 
be  studied  to  determine  the  load  factor  that  will  be  developed.  Since 
no  true  effective  mass  can  be  determined  for  this  case,  it  will  be 
necessary  to  arrive  at  some  compromise  procedure.  However,  it  is 
possible  that  the  analysis  in  this  case  would  be  reasonable  on  the 
basis  of  the  assumption  that  only  one  landing  gear  unit  is  in  con¬ 
tact  with  the  runway.  This  would  retain  the  effective  mass  concept 
as  outlined  in  this  report,  delegating  considerable  importance  to 
the  criterion  used  to  determine  the  initial  rate  of  descent. 

The  effect  of  lateral  location  of  the  .main  landing  gear  relative 
to  the  fore  and  aft  centerline  of  the  airplane  is  shown  in  Figure 
14a,  The  corresponding  study  for  the  nose  gear  is  shown  in  Figure 
14b.  Moving  the  landing  gear  unit  away  from  the  airplane  centerline 
reduces  the  magnitude  of  the  vertical  force  due  to  impact.  This  ef- 
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Table  1  Velocities  &  Forces  for  Various  Parameter  Ccciblnatio: 
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feet  is  more  pronounced  for  main  gear  than  for  the  nose  gear.  It  is 
noted  that  the  rate  of  descent  has  been  held  constant  at  12  ft/sec 
in  this  study.  Hence,  the  effect  of  geometry  on  the  initial  rate  of 
descent  must  be  taken  into  account  to  obtain  the  optimum  landing  gear 
configuration. 

Figures  15a  and  15b  show  the  change  in  vertical  reaction  due  to 
fore  and  aft  locations  of  the  main  and  nose  gears  relative  to  the 
airplane  center  of  gravity.  Both  gears  show  a  reduction  in  force 
due  to  being  moved  farther  from  the  center  of  gravity.  This  effect 
is  more  pronounced  for  the  nose  gear. 

The  influence  of  side  force  on  the  vertical  reaction  is  shown  in 
Figures  16a  and  16b  for  the  nose  and  main  gears  of  the  six  airplanes 
studied  in  this  report.  It  appears  that  this  parameter  is  of  lesser 
importance  than  the  geometrical  parameters  after  the  initial  rate  of 
descent  has  been  established.  In  fact,  locating  the  nose  gear  on 
the  centerline  of  the  airplane  nullifies  entirely  the  effect  of  side 
force  on  the  vertical  reaction. 


Discussion  of  Landing  Gear  Design  Problem 

It  has  been  established  by  calculations  that  the  second  impact 
is  somewhat  more  severe  than  the  first.  Therefore,  the  criteria 
for  designing  landing  gears  necessarily  must  consist  of  two  phases. 
The  first  phase  is  the  determination  of  the  magnitude  of  the  second 
impact  relative  to  the  first  impact,  taking  into  account  the  geome¬ 
try  of  the  airplane,  inertia,  and  so-called  external  forces.  The 
second  phase  consists  of  determining  the  magnitude  of  the  second 
impact  on  the  basis  of  these  same  parameters,  but  determined  by 
some  pre-established  criteria  for  the  maximum  impact  and  rate  of 
descent.  Using  the  derivations  shown  in  this  report  both  phases 
can  be  analyzed.  Hence,  although  calculations  are  shown  in  this 
report  giving  the  relative  severity  between  the  first  and  subse¬ 
quent  impacts,  no  attempt  is  made  to  establish  the  magnitude  of  the 
initial  velocity  criterion. 

For  landing  gear  design,  it  is  essential  that  the  maximum  load 
factor  that  will  be  imposed  upon  that  landing  gear  unit  be  determined 
regardless  of  its  sequential  relationship  in  the  landing  maneuver. 
However,  the  data  presented  in  this  report  shows  the  need  for  con¬ 
sidering  the  second  impact  in  the  criteria.  It  is  pointed  out  that 
the  basic  concept  of  effective  mass  and  initial  velocity  should  be 
retained. 

Suppose  a  side  force  of  .6  times  the  vertical  reaction  acts  on 
the  landing  gear  in  a  manner  to  produce  acceleration  toward  the 
next  gear  to  contact.  This  gives  a  second  impact  almost  twice  as 
large  as  the  first.  Consequently,  a  mass  criterion  mpat  be  arrived 
at  for  the  design  of  landing  gear  regardless  of  which  impact  is  in¬ 
volved.  Having  arrived  at  that,  the  geometry  of  the  airplane  can  be 
considered  in  arriving  at  an  actual  magnitude  for  a  given  velocity 
criterion.  Of  course,  it  appears  that  this  velocity  criterion  should 
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be  controlled  somewhat  by  the  geometry,  inertia,  and  external  forces 
applied  to  the  airplane. 

Several  curves  designed  to  show  the  comparison  between  our  calcu¬ 
lated  results  and  those  of  Reference  18  show  reasonable  agreement  in 
most  categories.  Although  the  methods  of  Reference  18  appear  to  give 
a  reasonable  approximation  of  velocity  at  contact  for  the  second  land¬ 
ing  impact,  these  methods  do  not  allow  consideration  of  the  landing 
gear  characteristics,  such  as  length  of  stroke.  The  analysis  is  based 
upon  introduction  of  equations  for  which  it  is  necessary  to  assume  a 
landing  gear  efficiency.  There  is  no  direct  check,  in  the  early  stages 
of  design,  for  the  computed  results. 

Analytical  equations  can  be  based  upon  a  more  rational  approach  to 
the  problem,  for  example,  by  establishing  characteristics  of  landing 
gears  from  statistical  methods  which  permit  the  use  of  straight-forward 
dynamical  equations.  The  only  difficulties  that  arise  are  in  the  es¬ 
tablishment  of  the  damping  characteristics  from  the  drop  test  records. 

Reference  18  gives  a  very  ingenious  approach  to  the  second  impact 
velocity  whereas  the  definition  of  effective  mass  is  not  restricted  to 
the  degree  as  used  in  this  report.  In  other  words,  it  is  not  shown  in 
Reference  18  that  the  effective  mass  derived  is  a  mass  associated  with 
a  single  degree  of  freedom  system. 

Calculations  based  upon  derivations  of  the  effective  mass  and  ver¬ 
tical  force  have  been  made  to  obtain  plots  of  various  airplane  para¬ 
meters  versus  the  vertical  force  for  six  different  airplanes,  namely 
the  C-119-H,  C-47,  F-84,  B-36,  C-119-G,  and  XC-120  airplanes.  To  ob¬ 
tain  these  plots,  the  parameters  associated  with  each  airplane  have 
been  fixed  for  each  curve,  including  an  initial  rate  of  descent  of 
twelve  feet  per  second.  Then  for  each  airplane,  an  analysis  has  been 
made  for  a  main  gear  and  a  nose  gear  for  which  variations  in  1,  r,  and 
<*s  have  been  calculated.  In  each  analysis  it  has  been  assumed  that 
the  side  load  is  equal  to  55%  of  the  vertical  load  and  lasts  for  a 
duration  of  .05  seconds.  Combined  plots  are  shown  for  these  parameters 
against  the  vertical  forces  generated  in  Figures  14,  15,  and  16. 

Several  calculations  have  been  made  carrying  the  results  to  the 
third  impact.  For  the  configurations  tested,  the  third  impact  has 
always  been  less  severe  than  the  second.  However,  this  does  not  mean 
that  other  airplane  configurations  might  not  have  a  more  severe  third 
impact,  since  the  results  of  this  report  were  obtained  from  the  third 
impact  on  the  nose  gear.  This  impact  is  usually  less  severe  than  the 
second  impact  for  the  tricycle  landing  gear  configuration. 

The  lateral  position  of  the  nose  gear  relative  to  the  centerline 
of  the  airplane  usually  determines  the  magnitude  of  its  impact.  It 
appears  in  the  case  of  the  nose  gear  that  the  criteria  should  be  based 
somewhat  on  the  effect  of  pilot  technique  during  the  landing  maneuver. 
It  is  to  be  noted  that  no  landing  test  data  have  been  obtained  to  date 
where  the  XC-120  airplane  bounced  from  one  main  landing  gear  to  the 
nose  landing  gear. 
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The  magnitude  of  the  landing  gear  design  problem  defies  the  use  of 
one  overall  analytical  solution.  Hence,  it  is  necessary  to  make  ra¬ 
tional  assumptions  in  order  to  separate  the  problem  into  portions  that 
can  be  handled  in  a  practical  manner.  The  logical  separation  in  the 
landing  gear  problem  consists  of  three  principal  parts:  first,  the 
inclusion  of  the  whole  airplane  as  a  rigid  body  and  the  calculations 
of  the  landing  gear  forces  based  upon  this  assumption;  second,  the  in¬ 
troduction  of  the  consideration  that  these  loads  are  based  upon  a  mag¬ 
nification  factor  from  the  response  of  the  airplane  at  resonance;  and 
third,  the  study  of  the  landing  gear  design  characteristics  and  their 
effect  on  the  airplane. 

Considerable  work  is  available  in  the  literature  on  the  effect  of 
flexibility  on  airplane  landing  loads,  whereas,  very  little  has  been 
done  on  the  effect  of  the  landing  gear  location.  It  remains  to  be 
determined,  in  the  cases  where  failures  have  occurred,  whether  the 
flexibility  of  the  airplane  was  at  fault  or  whether  the  location  of 
the  landing  gear  was  improper.  In  other  words,  the  magnitudes  of  the 
loads  on  the  landing  gear  depend  upon  the  location  of  that  landing 
gear  on  the  airplane  as  well  as  the  characteristics  of  flexibility  of 
the  airplane.  However,  it  is  to  be  noted  that  the  design  of  each  com¬ 
ponent  part  of  the  airplane  must  take  into  account  the  dynamical  forces 
due  to  the  oscillation  of  the  airplane  in  it3  natural  modes. 

The  data  presented  in  this  report  show  that  where  distinct  impacts 
have  been  obtained,  the  second  impact  is  always  considerably  greater 
than  the  first.  As  compared  with  a  symmetrical  landing  with  the  same 
initial  conditions,  the  first  Impact  in  an  unsymmetrical  landing  is 
considerably  lower  than  it  would  be  if  it  were  in  a  symmetrical  land¬ 
ing,  whereas  the  second  impact  is  considerably  higher  than  would  be 
obtained  in  a  symmetrical  landing.  In  other  words,  the  force  gener¬ 
ated  in  a  symmetrical  landing  is  approximately  midway  between  the 
forces  generated  in  the  first  and  second  impacts.  It  is  pointed  out 
that  the  second  impact  for  symmetrical  landings  of  tricycle  landing 
gear  type  aircraft  has  been  found  to  be  less  severe  than  the  initial 
impact  on  the  main  landing  gears.  Again,  considering  a  tricycle  land¬ 
ing  gear  type  airplane,  the  second  impact  will  be  more  severe  if  the 
subsequent  landing  impact  is  on  the  second  main  landing  gear. 
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SECTION  III 


PRESENTATION  CP  UNDING  TEST  DATA 
Instrumentation 


The  Fairchild  Airplane  C-119-H  was  used  for  the  series  of 
landings  conducted  for  this  report.  The  airplane  was  instrumented  so 
that  its  attitude  could  be  established  at  all  times  during  a  landing. 
Accelerometers  (a  total  of  17)  were  installed  at  various  places  in 
the  aircraft  to  indicate  the  effects  of  landing  gear  impact  through¬ 
out  the  airplane. 

The  left  main  gear  was  instrumented  extensively  by  strain 
gages  to  show  the  forces  acting  on  various  parts  of  the  gear  during 
the  landing.  No  strain  gages  were  used  on  the  nose  gear,  and  only 
one  gage  for  indicating  side  load  was  installed  on  the  right  main 
gear. 


However,  each  landing  gear  unit  was  equipped  with  a  rate 
of  descent  indicator,  from  which  tire  deflection  can  be  obtained, 
and  an  oleo  position  indicator  which  recorded  the  deflection  of 
each  oleo  during  the  landing. 

Table  2  and  Figures  17  through  24  contains  a  complete 
listing,  along  with  location  and  description  of  each  instrument. 

Four  Consolidated  Engineering  oscillographs  were  used 
to  record  the  intelligence  from  the  instruments  through  a  total 
of  47  channels.  The  ground  speed  trace  occurred  on  all  four  records 
and  was  used  to  orient  the  four  oscillograph  records  obtained  on 
each  landing  with  respect  to  time. 
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C-119  H  Inetruaentation  Table  2 


Type  of 

Instrumentation 

Location 

Used  to  Determine 

Reference 

1 

Strain  Gage 

Left  Main  Gear 
Middle  Main  Poet 

Torsion  in  Main  Poet 

Fig. 

17,  22a,  2 

2 

Strain  Gage 

Left  Main  Gear 

Axial  Load  in 

Oleo  Strut 

Axial  Load  in  Oleo 

Strut 

Fig. 

17,  22a 

3 

Strain  Gage 

Left  Main  Gear 

Upper  Main  Poet 

Fore  and  Aft  Bending 
in  Main  Post 

Fig. 

17,  22a 

4 

Strain  Gage 

Left  Main  Gear 
Outboard  Axle 

Vertical  Load  in  Out¬ 
board  Axle 

Fig. 

17 

5 

Strain  Gage 

Left  Main  Gear 
Inboard  Axle 

Vertical  Load  in  In¬ 
board  Axle 

Fig. 

17 

6 

Strain  Gage 

Left  Main  Gear 
Outboard  Axle 

Drag  Load  in  Outboard 

Axle 

Fig. 

17 

7 

Strain  Gage 

Left  Main  Gear 
Inboard  Axle 

Drag  Load  in  Inboard 

Axle 

Fig. 

17 

8 

Wind  Vane 

Left  Wing  Tip 

Airplane  Angle  of  Taw 

Fig. 

18 

9 

Strain  Gage 

Left  Main  Gear 

Lower  Main  Post 

Axial  Load  in  Main  Post 

WE- 
17,  22b 

10 

Strain  Gage 

Left  Main  Gear 

Upper  Main  Post 

Side  Bending  in  Main 

Post 

Fig. 

17,  22a 

11 

Strain  Gage 

Right  Main  Gear 
Upper  Main  Post 

Side  Bending  in  Main 

Post 

Fig. 

17,  22a 

12 

Strain  Gage 

Front  of  Fuel  Wing 
Tank  on  Left  Wing 

Tension  and  Compression 
Load  in  Strut 

• 

ttt 

£3 

13 

Strain  Gage 

Rear  of  Fuel  Wing 
Tank  on  Left  Wing 

Tension  and  Compression 
Load  in  Strut 

Fig. 

18 
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C-1I9  H  Instrumentation  Tabls  2  (Cont'd) 


Type  of 

Trap*  Instrumentation _ Location  Used  to  Determine  P.eferenoe 

14  Magnet  and  La  ft  Main  Gear  on  Rotational  Speed  of  Fig. 

Induction  Coil  Inboard  Wheel  Wheel  19 


15 


Angular  Poeition  Left  Rudder  Torque  Left  Rudder  Poeition  Fig. 

Indicator  Tube  Near  The  20 

Surface 


16  Angular  Poeition  Center  (Spanviee)  Left  Aileron  Poeition  Tig.  18 

Indicator  of  Left  Aileron 


\ 


17  Angular  Poeition  Left  Elevator  Push-  Elevator  Poeition 

Indicator  Pull  Tube 


Fig. 

18 


18 

Angular  Poeition 
Indicator 

Spring  Tab  Push- 
Pull  Tube.  Stab. 
Sta.  142  Left 

Elevator  Spring  Tab 
Position 

Fig. 

18 

19 

Angular  Position 

Left  Main  Gear 

Angle  Between  Main 

Fig. 

Indicator 

Between  Main  Post 
&  Swivel  Arm 

Post  and  Swivel  Arm 

17,  23a 

20 

Position  Indicator 

Nose  Gear  Oleo 

Strut 

Oleo  Strut  Compression 

Fig. 

20,  23b 

21 

Position  Indicator 

Left  Main  Gear 

Oleo  Strut 

Oleo  Strut  Compression 

Fig. 

17,  21a 

22 

Position  Indicator 

Right  Main  Gear 

Oleo  Strut 

Oleo  Strut  Compression 

Fig.  1 

17,  21a 

23  Poeition  Indicator  None  Gear  Right  Rate  of  Deeoent  Tire  Fig.  19.  21b 

Side  of  Wheel  Deflection 


24  Position  Indicator  Left  Main  Gear  Rate  of  Deecent  Tire  Fig. 

Between  Wheels  Deflection  19,21a 


25  Position  Indicator  Right  Main  Gear  Rate  of  Descent  Tire  Fig.  19,  21a 

Between  Wheels  Deflection 


Gyro  Cargo  Compartment  Airplane  Angle  of  Roll  Fig. 

At  Left  Side  on  and  Roll  Telocity  18,  20 

Floor  Fuselage 

_  Sta  330 _ 
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C-119  H  Instrumentation  Table, 2  (QontVdl 


Type  of 


Trace 

Instrumentation 

Location 

Used  to  Determine 

_  Reference 

27 

Gyro 

Cargo  Compartment  at 
Left  Side  on  Floor 
Fuselace  Sta  330 

Airplane  Angle  of 

Pitch  and  Pitohing 
Velocity _ 

Fig. 

18,2) 

28 

Accelerometer 

Left  Wing  Tip  Front 
Spar 

Normal  Acceleration 

Fig. 

18 

29 

Accelerometer 

Left  Wing  Tip  Rear 

Spar 

Normal  Acceleration 

Fig. 

18 

30 

Accelerometer 

.  Left  Wing  Sta.  830 

On  Left  Rear  Spar 

Normal  Acceleration 

Fig. 

18 

31 

Accelerometer 

Fuselage  "C.G."  25* 

MAC  Sta.  345  On  Left 
Sidevall 

Normal  Acceleration 

Fig. 

18,  20 

32 

Accelerometer 

Fuselage  Nose  Sta.  33 

To  Right  Of  Fuselage  4 

Normal  Acceleration 

Fig. 

18,  20 

33 

Accelerometer 

Stabilizer  4  at  Fuse¬ 
lage  Sta.  995 

Normal  Acceleration 

Fig. 

18 

34 

Accelerometer 

Left  Wing  Sta.  400  On 
Left  Rear  Spar 

Normal  Acceleration 

Fig. 

18 

35 

Accelerometer 

Left  Nacelle  on  Front 
Wall  of  Left  Main  Gear 
Well 

Normal  Acceleration 

Fig. 

19,  23c 

36 

Accelerometer 

Right  Wing  Tip  Front 
Spar 

Normal  Acceleration 

Fig. 

18 

37 

Accelerometer 

Left  Boom  At  Fuselage 
Sta.  953  Near  € 
of  Boob  . 

Lateral  Acceleration 

Fig. 

18,  20 

38 

Accelerometer 

Left  Boob  At  Fuselage 
Sta.  953  Near  4 

Of  Boob 

Normal  Acceleration 

Fig. 

18,  20 

39 

Accelerometer 

Right  Boob  At  Fuselage 
Sta.  953  Near  1  of 

Boob 

Normal  Acceleration 

Fig. 

18,  20 

C-119  H  Instrumentation  Table  2  .(Eont'di 


Trace 

|7T7j  T7iT>Tf\  **1  *r  C*T*^^EF!5*i 

Location 

Used  To  Determine 

Reference 

40 

Accelerometer 

Left  Fin  Tip  At 
Fuselage  Sta.  996 
and  Fin  Sta.  152 

Lateral  Acceleration 

Fig. 

20 

a 

Accelerometer 

Left  Wing  Fuel  Tank 
12"  From  Tank  Nose 

Normal  Acceleration 

Mg. 

18 

42 

Accelerometer 

Left  Wing  Fuel  Tank 
11"  From  Nose 

Lateral  Acceleration 

Fig. 

18 

43 

Accelerometer 

Left  Wing  Fuel  Tank 
15"  From  Rear  Tip 

Lateral  Acceleration 

Fig. 

18 

44 

Accelerometer 

Left  Wing  Fuel  Tank 
16"  Fran  Rear  Tip 

Normal  Acceleration 

Fig. 

18 
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2.  N/9/N  ac»e  oieo 
MURL  LEAP 


21.  I .  MIN  GCRe  oieo 
POS.  tND 

22.  e.  MRlN  <5 ERR  OLEO 
POS.  INP. 


ts.  swivel  /ten 
pos  mo*  /no. 


Figure  17  Instrumentation  of  C-119  H  Malik  Landing-Gear 


4  f'S.  L .  MS  IN  GER/S 

OUTB'P  (  /N'82>  V  AXLE 


qa%le 

(,.?  7.  L.MRlN  GE/te 

OUT'BD  t  INB'D  D  AXLE. 
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Instrumentation  of  C-119  H  Airplane  (Top  View) 

/~/<SV/?£  /f 


Instrumentation  of  C-119  H  Airplane  (Front  View) 


.  FCC.  L..  /7/V  TIP  LFT. 


•T-P?  / 


V 


Main  landing  gear  rate 
of  descent  indicator,  7, 
and  shock  strut  position 
indicator,  8. 


imSHk. 


-}.j^'jhZs.  -Kfvfrfc...  Vyj  ■ 


/'<3‘w  Hose  gear  rate  of  descent  indicator 
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F/guae  Ha  Strain  gages  located  on  upper  left  landing  gear 
main  post  and  shock  strut:  Fore  and  aft  bending 
load,  1,  side  bending  load,  2,  shock  strut  axial 
load,  3,  and  torsion  load,  U. 


F/GUftE 

Strain  gages  located  on  lover 
left  main  post:  Torsion  load, 
b>  axial  load,  5,  and  cospan- 
sating  gages,  6. 


WAOC  TK  SV~//0 


47 


W ADC  T*  &Y-  // a 


Analysis  of  Landing  Test  Records 


Analysis  for  Forcing  Function  Time  Histories  from  Oscillograph  Records 


The  vertical  force  acting  on  the  landing  gear  during  the  land¬ 
ing  is  not  recorded  as  such  on  the  oscillograph  records.  However,  strain 
gages  measured  the  axial  forces  on  the  oleo  strut  and  main  post.  With 
the  swivel  arm  position  also  being  recorded,  these  two  forces  can  be 
resolved  into  their  vertical  force  of  which  they  are  the  resultants. 

In  Figure  <5  the  components  of  the  vertical  forces  along  3C  and 
OC  respectively  are  ?  cos  0ycB  and  V  cos  (90*  -  <p) 

0  is  assumed  constant  and  <p  -  0^qq  -  (90*  +  0)  where  is 
the  reading  from  the  swivel  arm  position  trace  on  the  oscillograph  records. 
Similarly,  the  drag  force  Dh  is  resolved  into  BC  and  OC  a3 


Djj  sin  0yQB  and  -  Djj  cos  <p 

Therefore  the  force  registered  on  a  strain  gage  along  BC  or  the 
oleo  axial  load  is 

Fv8  *  V  cos  0ycs  and  Djj  sin  0yQB  (1) 

Ihe  force  along  CO  is 

Fco  «  V  sin  <p  -  Djj  cps  <p  (2) 

The  force  along  CO  is  resolved  into  a  force  along  AO  as 


FC0  *  FV10  cos  "  ®AQC^  (3) 

Solving  Eq.  (1)  $ (2)  for  V  and  Djj  we  find 

V  -  FV8  cos  <p  ->•  FC0  8^  OtfCB 

cos  (<p  -  0^B)  ^ 

rep  <=«  %cb  -  Fve  *  .  . 

-  cos  (<P  -  «*.,)  15 ' 

where  FC0  is  given  by  Eq.  (3). 


Fyo  and  Fy^Q  are  the  loads  from  the  strain  gage  oscillograph 
recordings  of  the  oleo  axial  load  and  the  main  post  axial  load* 

To  find  0yQB  consider  the  locus  of  the  Point  C,  origin  at  0, 
as  the  oleo  compresses,  which  describes  the  circle  X(j*  ♦  Zq*  »  1*.  The 
coordinate  of  any  point  (Xq,  Zq  )  on  the  circle  are 

Xq  ■  1  cos  <p 

Zq  *  1  sin  <p 
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/V/o 


SIS  Schematic  Diagram  of  Main  Gear 
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and  the  slope  of  the  line  BC  is 

it  -  M  4  tel 

*2  -  Xc 


Therefore 


%CB  *  tan” 


1 


*2  -  XC 

iz2)  *  M 


Analysis  of  C-119-H  Landing  Records 

An  attempt  has  been  made  to  malce  the  C-119-K  oscillograph 
records  as  nearly  self  explanatory  as  possible  by  incorporating  most 
of  the  information  necessary  to  read  the  records  on  the  individual 
traces. 


In  photogx’aphing  the  oscillograph  records  there  has  been  a 
necessary  reduction  in  scale.  The  values  recorded  on  the  traces  as 
trace  sensitivity  are  on  the  basis  of  one  inch  of  trace  deflection 
before  reproduction;  and  therefore,  a  reference  scale  has  been  dram 
on  each  record  to  show  the  actual  reduction  in  scale.  This  reduction 
must  be  taken  into  account  on  all  readings# 

All  strain  gage  traces  are  at  zero  or  no-load  position  at 
all  times  previous  to  initial  touchdown.  Therefore,  any  deflection 
from  the  zero  position  is  a  load  which  can  be  calculated  by  measuring 
the  actual  trace  deflection  arid  converting  it  to  pounds  by  using  the 
value  for  one  inch  deflection  as  recorded  on  the  records.  Reduction 
in  scale  must  not  be  forgotten. 

The  accelerometer  traces  can  be  read  directly  from  information 
available  on  the  traces.  A  zero  position  of  the  trace  can  be  established 
by  fairing  a  line  through  the  trace  curve  at  a  time  previous  to  touch¬ 
down. 


The  rate  of  descent  traces  of  left  and  right  main  gear,  and 
the  oleo  position  indicators  can  be  read  from  information  available  on 
the  traces. 

Blips  on  Trace  14  represent  1/2  revolution  of  the  left  main 
gear  wheel.  This  angular  velocity  can  be  converted  to  translation  by 
finding  the  tire  deflection  from  Trace  24  and  subtracting  this  from 
the  actual  tire  radius  of  24.4”.  However,  a  reasonably  accurate  ground 
speed  can  be  obtained  by  using  a  constant  tire  radius  of  24  in.  or 
2  ft. 


Ihe  time  scale  is  in  hundredths  of  a  second  with  each  tenth 
second  line  accented.  For  our  purposes  in  reading  the  records  t0  wa3 
arbitrarily  chosen  to  be  the  instant  the  left  main  gear  initially 
contacted  the  ground  and  is  so  marked. 
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No  linear  relationship  exists  between  the  applied  force  and 
the  trace  deflection  for  a  number  of  the  strain  gages*  This  is  true 
also  for  the  angular  position  indicator.  Therefore  in  the  following 
table,  formulae  for  approximations  of  loads  and  positions  for  varying 
trace  deflections  are  given. 

On  Traces  4  through  7,  it  appears  that  when  d  *  0,  a  large 
positive  force  is  still  present.  This  is  not  true  but  indicates  only 
that  a  certain  force  must  be  applied  before  a  deflection  is  present. 
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Figure  26a  Landing  ,412  Unsymmetric  Landing  V/ith  Yaw  To  Right 


I 


Table  4  provides  all  necessary  information  for  reading  the  F-84E  landing 
records,  on  Figure  28  ,  Page  79. 

Table  4  Confutations  and  Sense  of 

Wei^it  16,309 

Tip  Tanks  Full 

Traces  F-84E 

Trace  No.  and 
Designation 

Confutations 

Sensitivity 

Pos.  Defl. 
Indicates 

1.  L.M.G.  Vert. 
Load 

S  x  d 

S  -  16,785  lbs. 

Confression 

2.  L.M.G.  Drag 
Load 

S  x  d 

S  -  6,195  lbs. 

Load  Front  to  Rear 

3.  L.M.G.  Side 
Load 

L.M.G.  Side 
Load 

S^  x  d  -  S2  x  V 

Sx  -  4,019  lbs. 

s2  -  0.257 

Inboard 

4*  R.M.G.  Vert. 
Load 

S  x  d 

S  *  12,600  lbs. 

Compression 

5.  R.M.G.  Drag 
Load 

s  x  d 

S  -  6,650  lbs. 

Load  Front  to  Rear 

6.  R.M.G.  Side 
Load 

R.M.G.  Side 
Load 

S^  x  d  -  S2  x  V 

*  3,693  lbs. 

S2  -  0.273 

Inboard 

7.  Nose  Vert. 

Load. 

S  x  d 

S  -  2,826  lbs. 

Tension 

8.  Nose  Drag 

Load 

S  x  d 

S  -  3,450  lbs. 

Load  Front  to  Rear 

12.  c.g.  Accel. 

d/S 

S  *  0.975  in./g 

Neg.  Accel. 

13.  Left  Wing 

Rear  Accel. 

d/S 

S  -  0.2Q5  in./g 

Pos.  Accel. 

*34.  Right  Wing 

Rear  Accel. 

d/S 

S  *  0.1702  in./g 

Pos.  Accel. 

15 .  Left  Wing 

Fwd.  Accel. 

d/S 

S  *  0.2025  in./g 

Pos.  Accel. 

•Because  of  large  variations  in  size  of  calibration  blip  from 
flight  to  flight,  the  data  of  this  channel  is  questionable. 

In  calculating  the  side  load  from  Traces  3  and  6,  assign  sense 
of  d  as  (+)  or  (-)  and  calculate  the  vertical  force  V  of  corresponding 
main  gear  at  the  same  instant. 

"d”  is  measured  in  inches  of  trace  deflection  for  all  traces. 
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Necessary  data  for  analyzing  the  C-47  Flight  Test  Record  on 
Figure  29  is  provided  on  the  following  table# 


Table  5  Computations  and  Sense  of  Traces  - 

.  C-47 

Trace  No.  and 

Computation 

Sensitivity 

Sense 

Designation 

1.  L.M.G.  Wheel 
Speed 

n  x  S/at ,  n  *  no.  of 
blips  in  time  A  t 

97.5  in. 

(+>  Defl.  - 

2.  L.M.G.  R/D 

R/b  -  Ad  S/At 

21.85  in. 

and  Tire  Defl. 

Tire  Defl.  -  d  x  S 

Airp.  Desc. 

5.  L.M.G.  Vert. 
Load 

d  x  S 

14310  lbs. 

(-)  Defl.  - 
Conpression 

6.  L.M.G.  Drag 

Load 

d  x  S 

18240  lbs. 

(-)  Defl.  - 
Load  Front  to  Rear 

7.  L.M.G.  Side 

Rolling  Radius  •  RR 

Si  -  102800  in. lb. 

(-)  Defl.  - 

Load 

-|S2  -  4*37  da/Di 

Load  «  d‘  S-./RR  S2  -  16290  in. 

Ihb'd  Load 

8.  c.g.  Accel. 

d  x  S 

7.15  g‘s 

(+)  Def.  *  Neg. 
Acc. 

9.  Pitch 

0  -  St  (d  -  S2) 
d  «  Distance  from 
trace  14 

Sx  «  16.65* 
s2  *  32.6  in* 

(+)  0  *  Nose  Down 

10*  Roll 

<P  *  Sn  (d  -  S2) 

d  ■  Distance  from 
trace  14 

Sx  -  14.10* 

S2  -  35.5  in. 

+  «  Roll  Left 

11.  R.M.G.  Wheel 

Same  as  trace  1 

97.5  in. 

Speed 

12.  R.M.G.  R/D  and 
Tire  Defl. 

Same  as  trace  2 

20.4  in. 

(+)  Defl.  - 
Airplane  Desc. 

13.  R.M.G.  Strut 
Defl. 

d  x  S 

14.6  in. 

(-)  Defl.  • 

Oleo  Compress. 

15.  R.M.G.  Vert. 
Load 

d  x  S 

11800  lbs. 

(-)  Defl.  - 
Tension 

18.  R.M.G.  Drag 

Load 

d  x  S 

15090  lbs. 

(-)  Defl.  - 
Load  Front  to  Rear 

17.  R.M.G.  Side 

Load 

18.  Tail  Wheel 

Same  as  trace  7 

d  x  S 

Si  «  142500  in. lbs. 

Neg.  Defl. 

Inboard  Load 

Vert.  Load 

With  the  following  exception  ttd"  is  the  trace  deflection  in  inches 
from  the  no  load  position.  On  trace  2,  "d"  for  tire  deflection  is  measured 
from  the  position  of  the  trace  at  instant  of  tire  contact.  On  traces  7  and 
17 ,  d  r/d  is  the  deflection  of  trace  2  or  12  at  the  instant  the  side  load 
is  to  be  read. 


VATC  TR  54-HO 


78 


Figure  29  Typical  Landing  Record  of  C-47 


Table 

6  Computation  and  Sense 

of  Traces  -  B-36 

Record 

Designation 

Sensitivity  (S) 

Trace  Defl. 

and 

Trace 

Indicates 

1-1 

Ri^it  Jfein  Column 

395,000  lbs. 

Neg.  Defl.  - 

Vertical  Load 

Load  Upward 

1-3 

Right  Main  Column 

41,400  lbs. 

Neg.  Defl.  * 

Side  Load 

Load  Outboard 

1-5 

Right  Oleo  Strut 

12.5  in. 

Neg.  Defl.  * 

Compression 

1-7 

c.g.  Accelerometer 

8.44  g's 

Pos.  Defl.  * 

Acc.  Downward 

1-9 

Right  Main  Column 

Neg.  Defl.  * 

Drag  Load 

53,600  lbs. 

Load  Front  to  Rear 

1-13 

Right  Fwd,  Wheel 
Tachometer 

25.7  rad. /Sec. 

n-i 

Left  Main  Column 

365,500  lbs. 

Neg.  Defl.  * 

Vertical  Load 

Load  Upward 

II-2 

Left  Main  Column 

45,700  lbs. 

Neg.  Defl.  ■ 

Side  Load 

Load  Outboard 

H-5 

Left  Ifein  Column 

55,500  lbs. 

Neg.  Defl.  * 

Drag  Load 

Load  Front  to  Rear 

11-13 

Rear  Aft  Wheel 

25.7  rad. /Sec. 

Tachometer 


lAiltiply  sensitivity  (S)  by  Deflection  (d)  of  the  trace  from 
the  pre-contact  position  of  the  trace. 
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Summary  of  Test  Results 


A  total  of  42  landings  were  made  -varying  the  following 
conditions: 


1.  Bate  of  Descent 

2.  Sysmetric  Loading 

3.  Symmetric  and  Unsymmetric  Landings 

4.  Roll 

5.  Pitch 

6.  law 

7.  Stall 

8.  C.  G.  Location 
9*  Landing  Speed 


Only  four  of  the  landings  were  actually  symmetric  with  the 
other  landings  having  various  intervals  of  time  between  contact  of  the 
first  and  second  landing  gears. 

Complete  rebound  occurred  in  25  of  the  42  landings. 

Stall  landings  were  attempted,  but  full  stall  was  not  attained, 
and  relatively  low  rates  of  descent  were  the  only  results  of  the  attempts. 

The  ground  landing  speed  was  varied  intentionally  but  would 
have  varied  anyway  due  to  different  loads  and  different  wind  velocities 
throughout  the  landings. 

The  range  of  all  these  parameter  variances  can  be  seen  on  Table  7. 
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The  units  of  measurements  and  definitions  of  quantities  in 
Tahle  7,  are  as  follows: 


1*  Weight 

2.  C.  G.  Location 

3.  Wind  Velocity  -  Wind  Direction  - 
Runway  Direction 

4.  Fuel  Loading 

5.  Ground  speed  -  immediately  following 
contact 

6.  Roll  -  at  instant  of  contact 

7.  Pitch  -  at  instant  of  contact  (Nose  up 
always) 

8.  Yaw  -  at  instant  of  contact 

9.  Acc  Fuselage  c.g.  -  max  acc  and  time  at 
which  it  occurs 


lbs 

percentage  MAC 

knot/degrees/ degrees 
lbs  x  10  ”3 

left  tip  tank/right  tip  tank 
ft/sec 

degrees  (L)  or  (R) 
degrees 

degrees  (L)  or  (R) 
g* s/sec 


10.  Order  of  Gear  Contacts 


L  =  left,  R  =  right,  N  =  nose 
gear,  L/R  =  both  gears  contact 
simultaneously,  (N )  omitted  = 
no  contact  by  nose  gear 


Left  Main  Gear: 

11.  Time  of  contact,  rebound  A  recontact 

If  only  one  time  occurs  there  is  no 

12.  Rate  of  Descent  -  immediately  previous  to 
contact 

13.  Oleo  Position  -  max  deflection  and  time 
it  occurs 

14.  Torsion  -  max  Id  and  time  it  occurs 

15.  Oleo  Ax  Ld  -  max  Id  and  time  it  occurs 

16.  Aft  Ld  -  max  ld  and  time  it  occurs 

17.  Outb'd  V  Axle  -  max  ld  and  time  it  occurs 

18.  Inb’d  V  Axle  -  max  ld  and  time  it  occurs 

19.  Outb'd  D  Axle  -  max  ld  and  time  it  occurs 


sec/sec/sec 

rebound 


ft/sec 

in/soc 

lbs 

x  icr3/sec 

lbs 

x  10“3/sec 

lbs 

x  10-3/sec 

lbs 

x  10"3/sec 

lbs 

x  10~3/Sec 

lbs 

x  10-3/eec 
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20.  Inb'd  D  Axle  -  max  Id  and  time  it  occurs 

21.  Axial  Ld  -  max  Id  and  time  it  occurs 

22.  Side  Ld  Outb'd  -  max  ld  and  time  it  occurs 
23*  Side  Ld  Inb’d  -  max  ld  and  time  it  occurs 
24*  Swivel  Arm  Pos  -  max  pos  and  time  it  occurs 

25.  Tire  Deflection  -  immediately  after  initial 
contact  with  time  for  tire  to  deflect 

Bight  Main  Gear  j 

26.  Time  of  Contact  -  rebound  and  recontact 

27.  Rate  of  Descent  -  immediately  previous  to 
contact 


lbs  x  10"3/aec 
lbs  x  10-3/sec 
lbs  x  10"3/Sec 
lbs  x  10“3/aec 
degrees/sec 

in/sec 

sec/sec/sec 

ft/sec 


28.  Oleo  Pos  -  mp-y  deflection  and  time  it  occurs  in/sec 

29.  Side  Ld  Outb'd  -  max  ld  and  time  it  occurs  lbs  x  10“3/sec 

30.  Side  Ld  Inb'd  -  max  ld  and  time  it  occurs 


Nose  Gear: 

31.  Time  of  Contact  sec 

32.  Rate  of  Descent  -  immediately  previous  to  contact  sec 

33.  Oleo  Pos  -  max  deflect  and  time  it  occurs  in/sec 

34*  Tire  Pressure  L  &  R  Main  Gear/ftose  gear  PSl/PSI 


Where  a  dash  ( — )  occurs  in  a  block  no  maximum  was  available  as  trace 
deflection  was  increasing  to  the  end  of  the  record. 

The  time  scale  is  on  the  basis  of  t  =  o  at  the  instant  the  left  main 
gear  contacts  the  ground. 
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Table  7  ?aaxirran  Values  and  Initial  Condi 'Lions  of  C- 119-1  Test  Records  (Ccnt'd) 

landing  number  11  1?  13  14  15 

'./eiv'ht  6 C'.  «C  66 4? 0  66230  6502  0  6  4820 


o 

r- 

CM  X 

X.  H  • 

O  *  (— I 

OH  1-1  H  |  Sc 

o  o  o  \  I 

•  \  to  in  X  vC  in  'O  H 
Hr—*H««»cni 
on  H  CM  H  O  Hi  X  •  pj 


x  o'-  to 

On  On  ^  >  sJ\D  O'  ST 

•  *CM  (nr\  •  r-i 

•  *  (N  rl  v  •  •  •  pa  • 

Q?vO\H‘o:\^ 0''r\'cM  ^  oT 

"x  •  v>\  •  •  •  o  PA  CO 

•  n  •  •  oi  h  (\  •  •  • 

|  »A  H  ^  ^  H  H  IA  O  I  H 


02 

irxvp  W\ 

•  o  a 

I — 1  •  • 

.  I  X  H 


O'  tG  CM  iO  X 

•  «  •  •  9 

>-ji  cm  x  r~  cm 


wN.  w 
•  H  3) 
C  vO  H 


r- 

x  x 
cl  . 

.  X  H 
X  CM  X 


m, 

,  0,1 

h*  *  SC 

o  X  i. 


x  cm  x  m  o  o  x  i 

•  x  O'  x  cn  o  o"0  ai 

rlN  trl  i  <  *n  I 

o'  H  cm  H  h  on  cn  •  n 


on  h  h 

O  x  m'O'OOHOHrnc'- 
•  H  H  \D  •('HP' cn  •  on  O  O 
,C  (»\  •  h  _rn  •  •  •  •  H  *  • 

X  X  cn  X  in  to  ex  cm  cm  so  o>X  o' 

!  •  CM  •  r-i  •  •  •  •  •  m  •  CO  O' 

•  on  •  x  •  h  o  o  x  m  .  m  cm  • 

Ht'H^ONnNHHOlHHrl 


to 

r-l  O'  to 
•  m  O' 

vO  •  • 


"N,  O  H  IA 
It  •  C  H 

CM  •  O  •  • 

•  CM  H  O'  H 


vO  O 
\  X 

oc>  x  <n 
,  •  H  a) 
a-io  M 


o 

CM 

X  tu  on 

in  •  cm 

CO  CM  H  P4  •  SC 

H  CM  X  o  o  o  X  I 

•  X  tl)  rl  C\  If,  O  H  It; 

rl  IA  •  (M  •••XI 

cn  h  C'>  h  x  on  cm  •  h 


on  cn  in  on  m  0  to  O'  o  .  x 
\  rl  H  ir,  n  •r—i(M  X<M  O  n  O 

to  •  •  •  h  •  m  •  •  h  •  cm  on  • 

C  XXX  *X\\X  •  X  •  *x 
•  cm  hinOXiA't'f  oXoi  XX,  cm 
H  H  x  tO  •  O  •  •  •  *  X"  •  O  H  vj3 

"X  •  •  •  H  »  O  rn  CM  to  ►He  •  X  • 

OmtOO'CMO-'OcMCMHtOHCMHcM 


O 

O'  m  cm 

•  m  in 

H  •  • 

on  m  o'  to  \ 
HO  •  on  tC 

•  •  o  •  • 

H  CM  H  H  X 


cn 

x  q 

m  in,  a-  X 

x  cm  m  x  ra 
•  •  ♦  in  <d 
H  Ol  OiO  |H 


a 

x.  cr> 

o 

o  . 

1 — 1 

O  CM 

H  c-4 

♦  ’*3 

H  cn\ 

o  o  a 

\  1 

•  \  O  '  tC' 

cn  m  cj 

HsO  •  H  •  •  •on! 

rnHcMHcMcnX  <  H 


x  vO  O'  m  cm  H 

•  CMOH  cn  '0  Q  X  XX  O'  to  vO  if  •  x 

H  cn  H  H  cn  H  «CMHOH  •  on  O  •  to  •  • 

•  •  •  i — i  •  cn  •  •  0-  •  on  on  •  h  •  h  m 

x  \x\  -xxxx  «\x  •  x.  \rn\  \o 

O'OoiHNXtOttriOXttOXiA  HttrlXri  m  m  X  X 

•  CM  to  O'  •  O  •  •  •  •0-tC'OCMCM  CM  in  •  H  •  cn  CM  XX.  K 

x*  •  «  •  o '  •  to  cn  x  on  •  •  •  m  *  •  •  h  •  h  •  •  •  m  o 

OnXcHf.XcMOlHC'O'nHoi  H  CM  rl  cn  H  H  X  53  \D  1>I 


H  O  H  H  «n  X  tC  O  m  o  'O 

X  i— I  r-l  H  H  r-l  r-l  H  r—i  CM  •  H  O 

•  •  •  rH  ••••••  ( — !  X  * 


in.  „  H  on  X  •  •  *H  •  •  •  •  •  M  • 

h  on  n  o  •  ric  o',  x 

i-,  onx  o  o  xX  l  tc;  \C  cn  x  xX  x  cn  x  m  o  if \  x,  cm 

•  x  O-  CM  O  O  X  O'  34  •  O  X  cn  '  •  iO  •  •  ■  •  •  •  on  O  O 

HX  »CM  •  •  •  m  |  'X  •  •  •  C-  •  X  c-  CM  H  C\  cO  •  X  • 

m  h  m  h  cvi  cn  h  •  n  ox  o  tc  om  O'  no  cm  cm  cm  h  h  x  h  cm 


<  &  in  H 

on  •  .  m 
a  cm  cn  • 

'X  O'  H"  X  vO 
CM  CM  o  x  • 

cn  •  •  •  h 

•  m  to  on  h 


H 

X  o 
ri  0C»  H  X 
vc  rn  on  X  n 
•  •  •  u~\  4) 

H  CM  O'  'O 


&  u  'OtJ 

•rl  ‘ri  tl  43 
+>  P  ,H  0) 

(«  i  t  a 

8H  nj  a 

0)  o 

H  >  H  -C 
•  "OH  2 

r",  -  4)  O 

•  H  C3  h 
O  r-  (X  t.*J 


H  +'’  fe  O  XI 

o  ri  ra  o  u 

H  H  Jr,  ^  O 


+3  +5 

X  o  c 
<i  n  id  c 

4)  +3  o  6 

H  c  m  .h 

O  4)  -P 
iJ  O  O  »ri 
•H  £ 

m  Cm  Cm  O 

fJ.  CCD. 

-p  o  a'  o 

v.  e  -p  4) 

4'  .H  01  H 

h  fi  a-;  o 


•h  x;  > 

M  X  til 

o.<  ot 

•H  H  — 

WO  rQ 

U  43  -P 

O  H  4  p 
E-*  C  a’  O 


43  H  1' 

H  X  H 
X  X  X  T3 
<1  <  14 

T3 

TS  -  t  H 
*•  H  -  ct 
jQ  -P  ,C  tC 

t;  £  c  x 

H  O  H  X 


c 

o 

•H 

TJ  -p 

-  H  .rl 

X>  -  m 
+■'  h  o 
3  CA 

M  E 

T3  T3  h 

g  g ,a! 

P  H  H 
4! 

4)  4)  > 

O  T3  H 

•r-l  & 

to  00  to 


833 

•H 

•P  -s  *\ 

w  «  «i  m 
O  O  O  Q) 
0-.  H  h'1  H 

O  43  43  43 
43  .T3  'O  n 
H  *rl  *H  O 
O  r.O  CO  J5 


•  -P 
+>  C 
-  43  C 

-POO 
S  W  H 

O  03  -P 

O  R  H 

Cm  *m  8 
OOP, 


cm  m  x  m  no  o-  to  c  o  r  i  cn  n  m  i\',o  >  to  a-  o  h  cm  cn  x  m  vO  t>  to  O'  o  h  cm  cn  x  m 

H  H  ri  H  H  H  H  H  H  H  CM  CM  CN  CM  CM  CM  CMCMCMCMCn  cnononrncn 


WADC  TR  54-110 


87 


o 

CV  O 

\  • 

■  O  in  cn 
O  >f  cn  H  V 

04  £  *\° 

vO  H  sf  • 

l  ,—{  fT^ 


CV  P3 

.  • 


PJ 

e 


CV 

(A 


O  rl  r\  H  O 


tf  rlvO  iftO  (tj 

-  *  *  *t  J) 


Nj 

C~ 


O  H 


h  vo  a  ne 

cn  O'  m  rf\r\ONoiCOC'HN 
•  •  cn  <nri 

CV  •  •■<'■«  «  •  cn  O  •  CV  •  « 

CO  "o'  00  0'\^O''in^n'in o'  vO'C^'\s'ri' 
in  I>  ^  •  00  •  •  t  »  nJ  •  'tcv  {y> 

•  •  •  \0  »  in  O'  O'  ~nX  •  r.  •  A  • 


00 

00 


A 

vO 


nO 

°i£ 

cn\- 
.  .  cv O 

tn  nn  cr,  « 
CV  •  *  rl  vQ 

*  rl  NX  •  H 


cn ' 


rl 

■do 

NO  CO  SO  NT 
vO  rH  O'"''' 

•  •  •  try 

rl  cn  00  \D 


n 

0) 

!h 


P 

g 

o  o 


o 

CV 


fc 


O  in  cn  in  Pi 
'tryrT 
~  • ' 


<n 

TJ 

f-t 

O 

O 

<0 

« 

P 

co 

s 


ICO 


'§i 

P<H 

EC 

a 

H 


© 

H 

§ 


•S 

vO 


ff!H  a 

•  o  o  o  \  I 

■  N  n  H  ^  CO  Cn  O 
HH  *H  •  •  i 

mH  t^HN  •  M 


O 

CV 

\  ON 

o  •  1-1  p 

O  rl  O  ®  o 

on  ^  m  \  in  o  a 

in  «  \  O'  On  Nf  O  cv 

IAH  O  •  rH  •  *  • 

yOnoinHHriO 


& 


% 


o 

£8 


«p^ 
0*^1 

n 

g 

•rl 
+3 

•rl 
TJ 


O 


2KQ 

•rl 
P 
•H 
C 
H 

TJ 

S 

n 

0 

r5 

rH 

«2 


fe 

Hi 

E> 

a 

tioj 

c 

•H 

TJ 

c 


tn 


OH  H 

v«  »  H  s*,vsv'sD  o 

*A  "vf  CA  0A  •  •  O  rv 

r-  *\Ooj  O  Q\  ♦ 
vr\HO  •  CV  •  •  O 
NO^rlNfHgCNlH 


00 

o 

♦  53 

•  tti 


o 

cv 


-cv 


PI 

« 

in  o 


.  cv 

(*!  •  a 

°  \  I. 


cv  in  m'  -  --  i 

Nd  .^r-o  -v  co  iaO(U 

'tH'O  «  cv  •  •  •  L 

nO  on  ri  cv  H  O  inO  •  P) 


s 


rt 
o 
o 

P 

\jS 

hn  « 

•H  O 

i.®  # 

ISs-o 


!>> 

| 

u 

s 

4. 

i> 

TJ 

c 


00  TJ 
C  V 

3  a 

sw 

►5  TJ 

rl  3  rl  O 
*  Or!  P 

id 


10 

■p 

o 

•  I 

T  S 

o  o 

0)  Vi 
ClO  tfl 


O'  co  in  m 

•  oo  r-r  cv  cv  no  O'  O'  cv  cxi 

rH  cn  cr  H  t>  0  •  cv  •  •  cv  •  oo  m 

\  •  rl  *  •  ^  irlrl  •  m  cn  H 

00  \  •  \  rl  \X  W  •  • 

r^inrH\CV\OOOOCO  >.tONinNO  W 

•  r-iiOm  »vO  •  •  •  •  r-  O'-  Nf  n  O' 

N\  •  •  •  Nd  •cnmor-i  •  •  ♦  >n  • 

OHmc'-HmmcvHr-imincvrlH 


o 

00  o 

•  '-fm''t'^cvNO-N?r-ior'~o  cn 

rH  •cvcv'J’cn  •mmo'inin-^H 

m***>m*««»i** 
cn  \  W  »o  W \\ w  in  ia\ 
C'-oocYcv’^Hmcoco  onO  w o 

•  pv.  •  'NT  •O'  •  •  •  «CV  •nO'.O  fN 
"Nx  »n-  •  <v  •  O  rl  nO  O  •  in  •  r— I  • 
OrlrliOHC'inV'OinCOrlOOHH 


00  m  o  00  O  rx.  NO 
n  n  rl  r-N 


m  rn 


g 

o 

TJ 

s 


I 

,p 

Vilo 


8 


«  -p 
TJVi,.. 


P 

c 

0) 

o 

n 

5 

4) 

■P 

(0 

6 


s 


n 

o 

CL, 

o 

a) 


TJ 

g 

1-3 

rH 

«8 

•H 


0) 

rH  0) 


0 

rH 


0 

H 


g 4  gn 

i-i  >4  - 
W  O  ^3 
Vi  ©  4»  P 


J,  -4  JB  T> 

-  TJ  rl 
-  <0  ® 
■£  J3  *H  TJ 

355s 


p 
TJ  *rt 

-  n 

S£ 

M  e 

TJ  U 

PI  H 
® 

«  t> 

St 

C/5  W5 


s 


rl 

O' 

•  in  • 

CV  "-trl 


m  oo  r- 
“  O'  cv  o 


O'  oo 

•  • 

O  H 

O 

CV 

S 

00 

-CV 


m 

m  rl 

•  nsNJ 
rl  •  rl  rl  O  CV 

*N^  •  •  • 

>oo  nN  <v‘\  o'  in  O'  o'  rn  o'  cr>; 

•  0>«ri  •  m  •  •  •  •  •  (V  NJrl  rl 

\  ■  •  •  00  •  cv  'trl  lAO  •  ••'j  • 

OmCO'Orl'OcVCV  rlrlrlCVCVrlm 


O 

^  O-^-cn  ■vJ-JccvVDCOO'O'^O 
rl  V  rl  n  n  (O  •  CV  rl  vO  H  O'  •  rl 
\  ''s  • 

oo  oo  p^  r^rN '\'cn  nT  CT  co  n'^?'4i'  ^  > 

•  vO  O  •  •  O  •  •  •  »0  •r-'OCO 

\  ■  .cv  O  •r-IO'Orn  •  O'  .'f  » 
0(VC'r'rl'0>(VCrirlO'rl'frlcV 


CV 

•  O'  • 

O  •  NO 


nOvo  in 

CV  t>  CG 

•  »  . 

lA.Vrl 


CO  ni^nOO 

cv  cr  •  >n  • 

.  .  rl  •  vf 

rl  CV  rl  O'-  rl 


d- 

« 

H 

N 

vO 

o 


O'  rl  \cv  O 
m  no  t>  cv  O' 

•  •  .  *  . 

I  cv  O'  0-  on 


OoJnO 
H  O  NO 


nVxjiA 

cn  co  .  Nf  . 

.  •  o  •  cn 

rl  CV  rl  rl  rl 


g 

O 

TJ 

C 

(0 

TJ 

k 

<K 


g  & 
8 


i* 

•H 

M 


p 

C 

® 

o 

«! 

® 

O 

® 

P 


^  TJ 

Si 

S35 

•H 

-P  * 
♦H  TJ  T3 

S 

0. 


cv 


-  o 

O  w  V  CO 
00  c-  vV  ® 
•  »  •  in  fH 
rl  CV  0-  vQ 


m 

O  in  rT  5- 
m  cv  'V 
•  ♦  O  in 

rH  CV  rl  \0 


o 

d  O 
«}H\V 
VCVH\ 

•  •  »  in 

rl  cn  O'  'O 


c n 
v 
>H 


O 

s 


in  ho  oc  ■<  _ 
'O  o'  •N'<  2 
•  .OH  » 

rl  rH  H  nO  >-l 


P 
P  C 
-  ® 
P  CJ 

Sn 

p  c5 


TJ 


&  (S 


O  ®  ®  © 
«  TJ  TJ  B 
H  rl  H  O 
O  COW  2 


O 


® 

Vi 

3 

n 

n 

« 

A 

« 


,o 

® 

ad 

® 

p 

© 

I 

o 


*•••••••••  •••*•»•»•••••*•  .....  ..... 

Hcvm'^in'Or-eoo'O  Hcvcn'^in'g>rcoo'Ori<vcn'^'in  w  nco  aO  Hcvcn^m 

H  rlrHHrHHHrlrlrlCVCVCVCVCVCV  CV  CV  CV  ni  cn  mmcncnin 


WADC  TR  54-110 


88 


UN 

o 


‘2 ;h«*  onw  ,4 

O  •  •  »ON  I 
H  H  •  (Jj 


v8  UN  on  ^  O  CO  CM  O' to  O' 

•  On  •  f  ■  •  •  •OiCV  •  •  vO  O 

ITiH  H  rH  CM  CM  •  •  CM  ON 

»T\  W  \ oTvO"  TO'O' C^"\  C»\ 
O  CM  tO  •  CM  •  •  •  «rl  lAO  Ol  (<% 

•  •  •  •  oa  vO  O  (V  •  •  •  <st  • 

OritOrHrH^AOi  CMHrlvOCMc^HH 


to  ^  O' 
C-  O'  ON 


rlHO'N  iTi 
I 


3 

"tO 

to  on\ "4 

c-  o  rH  \  „ 
•  *  •  UN  o 

Hrif-vOZ 


vO  ON  < 


o 

8  .o 

H  Z  CO  CM  •  ,4 


M5  H  CO  iH  tO 

•  O  O'  O'  O  CO  O'  O' 

H  O'  rl  •  •  •  •  •M'OrtO'cn 

\  •  •  •  ONtH"*/-!  ON  •  •  CM 

0s  C"*  \\  •  w\w  •  •  c>  • 

UN  C"  \M)  rH  \  UN  UN  O  CM  CM  Wx\ 

•  CO  UN  00  •  ON  •  •  •  •  IT i  rH  "4  UN  O' 

\  •  •  •  CM  •  O'  "4  "4  UN  •  •  •  ON  • 

■>4,CMCMCMr40'C""4'rHrH 


OOtOMHMi 


unM3  O'  cm  un 
•  M3  •  UN  CM 

\  *o  •  . 

O  O  M  CM  tO 

CM 

ON 


P 

C"  O 

O^s.  CQ 
•  .  •  «N  <D 

UN  rH  O'  M3  }H 


o  •  o 

CM  CM  _  ON 

\X  pcj  O  •  z 

■  ON  O  UN  O  UN\  I 
•\C>  CM  CM  C"M3  .4 
H  CM  •  rH  •  O  »ON  I 
ONHCMHrHONH  •  « 


O 

jri 


oj  03  C\j 


"*  CO 

.  CM  CM  H  O  M)  O'  X  CM 
!  M3  •  ON  •  "t  H  CM  CM  rj  H 

1  rH  _  •  rH  •  •  •  •CM  • 

v  v  ^  x  J  \WW  CM  \  •  O 
M3  CM  rH  CO  M) \Q  ONtO'D  0\\t\\ 
•  CM  O  ON  *  O'  •  •  •  •  UN  CM  O  O'  t" 

—  •  •  •  CM  •  O  O  O  ON  •  •  •  UN  • 

OONCM"*rHONCMCMrHrHUNC"ONrlH 


2? 


M3 

M3  M3  C- 
rH  rH  • 
•  rH 


HO  M3  CO  CO 
CM  CO  C"  O'  O' 
•  •  •  •  • 
I  Oi  U~\  CV  Oi 


5? 

CM 


-si- ON  M)  -4 
C3  rH  ON  \  <0 
•  •  ♦  UN  0) 

CM  rH  ON  M3  fH 


3 


^  cS^5? 

UN  "M  HOPS 
O  •  O  •  ON  I 
H  H  vOO  •  *4 


UN  C" 

•  C"  O'  O' UN  C"  O' O'  ON 

rH  •  C"  H  O'  rH  •  CM  H  H  MtO  t- O' 

\  M3  ON  *  rH  »rH  *  *«  CM  »  •  • 

'P  \  •  \  >\\\W  •  \M)  o 

vS  M3  ON\0  \  -i-  UN  CM  M3  "i\U\W 

•  H»"t»ON»  •  •  •  M  ON  H  O  O' 

\  •  O  •  M3  •  O  r)  UN  rH  •  •  •  ON  • 

OCMHM3HUNONCMrHrHM3"tM3rHH 


CM  C" 

•  •  rH  M3  • 
rH  rH  rH  •  -sf 


ON 

M) 

• 

M3 


UN  O  M3  "i 
M3  t>  0'\  ta 
«  •  •  UN  © 

rH  ON  CO  M3  M 


$ 


H  4 


UN  CM 

ON 

aS0: 

c^H  oi 


^4* 

rH  O  CM  O  •  trj 


% 


Q 


S3 


G 

O 


UN 

UNCO  O  ON  UN  CM 
M3  CM  CM  C"  ON  ON  * 
‘  CM  •  •  rH 


UN  C"  CO  CM  \  ON  ON  to" 
M3  CM  ON  •  O'  •  •  • 
„  •  •  •  UN  *M3  H  H 
O  OM3  MH  UNCM  CM  H 

P 

O 

3 

G 

O 

o 

=8 

•o 

§ 

o 

33 

OJ 

Pi 


C  ®  OH 

h  3 

£  O  « 


o  o  . 
4)  fcl  «3 

its 

•  ®  p 
O  np  4h 
_  O  U  © 
<4H  <J  O  4J 


C"  M3 
CM  CM 


H  UN 

C"  rH  UN  tO 
•  •  M3  • 

rH  "»f  •  .O 


H  rH  C"  O' 
1  •  M3  • 
"t  •  H  H 


4>  -P 
O  C 
0  03  C 

■Poo 

B  n  rl 

o  ©  +3 

O  Q  -H 

n 


o  ®  © 

I1  •ag'a* 

—  rl  'd  >  Q  _ 
pj  -  ro  -  y  g 


31 

Q  PJ 

®©OujOr^^3^'33?'«3 

IHKOHO<<OHOH<< 


O  OP,  O 


s 

o 

*rt 

<o  p 
*  ©  Ti 
33  -  a 
■p  rO  O 

P  a  (x, 
o  M 

-a  T3  C 

$  S  <s 

i-3  PJ  rH 
®  ®  ^ 
SS-51 

co  co  co 


C"  M3 
O  "J-UN 


3 


-  CM  Ui  O'  O' 
«  O  M3  O'  rH 


I  CM  CO  CM  M3 

+> 

V 

3 

§ 

o 

08 

T3 


I 

ai 


§  a 

•H  © 

■P  o 

C3 

®  G 

3* 

■p 


® 

o 

n 


■P 

o 

G 
O 
G 

O  ©  P 
O  OH  © 
ta 
o 

PH 


-  TO 


S 


JQ 

a 

M 


© 

„  P 


s 


F! 

CM 


M3  to  -4-  "* 

on  C-  UN\ 

•  •  •  UN  O 

O  CM  CO  M3  55 

•P 

C3 

$ 

8 

I 

M3 

0> 

Pi 


TJ 

S 

o  ©] 
*4  3-10 


©  ©  ©| 
fO  a! 
H  H  O 
CO  co  zl 


pg 

G  *rl 

<a  ta 
©  o 

(4  PH 


HQ 


H  *° 
3  © 
a  « 
m 


©  ©  o 

BP© 


2 

« 

p 

(4 

« 

2 

1 

•H 

§ 

tH  O 


H  CM  ON  "t  UN  M3  C"t00'0 


rHCMON"tUN'Ot,‘-tOO'OrHCMON"tUN 

HrHHrHrHHrHrHHCMCMCMCMCMCM 


M3  C"  tO  O'  O 
CM  CM  CM  CM  ON 


H  CM  ON  UN 
ON  ON  ON  ON  ON 


WADC  TR  54-110 


89 


o3 

O  CM  • 

A  \  A 

O  A\. 
vO  O^UMA 


l-J 

o ,  o 


& 


o 

cv 

*1 


O'  *r)  rl  O)  rl  1A  4C0  (lj 
nO  H^-s.  •  CM  •  •  •  p-\  I 
'Ocn^nHM  40  •  p 


w 

xj 

u 

o 

o 

<D 


P 

to 

0 

E--< 


*H 

£ 

EC 

O 

iH 

H 

I 

CO 

«M 

O 

w 

d 

o 

*H 

P 

•rl 

-d 

d 

o 

o 

P 

d 

•H 

d 


O  A 

to  CM  -4-  CO 

lev  *  t — i 

O  ITv  CV  fe  •  *5 

On  -4  -4"N*  O  O  O  \  I 
A  •  CA  -4  -4  CO  CO  NO  CO  rd 
MO  p  S  •  P  •  •  I 

nO  ON  O  CM  p  CM  -4  A  •  P 


■8 

E-< 


CM 
O  -4 

O'  CM  •  P 

04  ~  ^n  ,  H 

P  p  p  UN  <?  O  C^  \  *t 

vO  A  H  CM  P  O  'O  O  •  ft! 


CN 

CM 


O  A 
CM  UN 


O  A  CM  P 

on  -4  -4\  o  o 

IN  •  A  A  -4H  CM  P 
A  pN^  •  p  •  *0 

nO  CO  On  CM  i— |  p  CA  CM 


O 

O 
•  E3 

CM"  fi 


,  NO 

So  o  • 

CM  CD  CM 

o  \\  p 

ON  -4  O  CA  o 

CO  *\IA  H  CJ3  CO 
A  rH  CA  •  rH  O  • 
M)  01  rl  (M  H  2  CA  CM 


U 

0) 

o 

’p 

M 

A 

4 

j 


gf 

1 

d  T 

O  d  oxl 

•rl  -rl  d  0 
P  Q  P  V 
d  I  XJ  A, 

O  P  vi  CO 
O  0  O 
P  (4  >  (4  x> 

-d  2  p 

fi"  •  u  rl  3  rl  U 
•rl  rt  «  O  rl  -p  S 
kC)  •  .H  3  O  rl  B) 
.  '  O  .A  r-r  OdAfH 


m 
-p 
o 
d 
p 
C 
o 
CO  o 

0  14 

to  d 

tlj  0 


o 


I — I 
0 
to 
d 

p 


co 

p 

o 

u 

0 

■d 


CM 
On 

•  *Arj  - 

P  A  CM  P  A  CM  •  •  ON  CO  nO  i  UN  p 

Ns  •  •  •  CO  •  p'  CM  •  •  CM  -4  ON  • 

ttfflrllC  CO\'^'«r'o'CO*'oN\>'ot5''\^4: 

•  Co  CO  A  •  O  •  •  •  •  CM  -4  ON  O'  CO 

Ns  •  •  •  P  •  P  p  CM  ON  •  •  •  p  » 

OPaaPAaCMPPCO  4AHH 


O 

-4  0-  on 

•  ONO'OffllCtC;)M5C-tArl«)C' 

rH  •  A  P  -4  CA  •  UA  H  -4  CA  UN  On  r-j 

NO  CM  O  CO  CM  Ns  A  ON  ON  VO  Co"  CO" 'O'nJ^* 

•  CO  vO  CM  •  UN  •  •  •  •  N  UNnQ  On  on 

\  •  •  •  A  •  CO  P  P  P  •  >i  •-4  • 

OCMtAiAHiACMMHHO'O-NrlH 


p 

p 

• 

CM 

vO 

\ 

• 

A 

c\T 

3 


CM 


•  O  UN  ON 


UN  ON  CO  On 

-  -!  -4  Q  P  H  on  un  in 
i— I  CM  r-t  •  CM  •  •  r —  »sO  O 

•  rH  •  CM  •  CM  CM  iH  CM  .  • 

>>.  •  \\\\\  •  N^  CM  N- 
ON  CO  nO  O  AN*  CM' 


<0--- 
•  CO  P  A  CM 


.  _  -n  UN 

•  -4  CO  UN  CO 
-4  •  •  CA 


CO  C^  ON  CM  CM 
UN  O  ON  ON  ON 

•  •  •  •  • 

O  CM  H  CA  A 

CO 

NO 


\  NO  UN  US 
CA  COMJO 

vO  •  •  • 

•  OIW 
\-4\C0  CM 
CD  AON  • 

CM  •  •  •  O 

♦  CM  C-  ON  rH 


-4  CO  N- 
CO  0-  ON 

•  •  • 

CM  CM  <A 


IN  rH  On  CO  UN 
ON  N  U\  UN  ia 


-4 

UN 

-4 

\  O 

N-sO  ^f-4 
H  CA'-O  \ 

•  •  •  IA 

CM  CM  CO  NO  : 


a 

* 

CA 


OrN<OCMV'.OcN('NHCMH44HW  CMCMnO-4cA 


rH 

<0  CM  UN 

•  N-  CA  CO^OHnOUNON  N 

rH  4t-H  O-rl  •  CM  CM  ON  ON  •  N-  O 

.  •  H  •  H  «CM  •  •  •  •  CM  -4  • 

CO  \  •  \  •  N^n^n^s^v  *v  si  v  n^^ 

On  nO  nO\ia'ns.O  A  UN  O  CO  4nO\,CO 

•  CM  rH  UN  •  -4  •  •  •  »On  •  CO  C—  O 

_S  •  •  •  sO  •uno-OCO  «0N  •  -4  • 

O  M  O-O-H  A4W  N  H  C-HO  H  « 


IN  CM  CM  O  H 
UN  CO  \0  UN  On 

•  •  •  •  • 

O  rH  N-  UN  i. — 


CAnO  CO  -4 
CN  O  O 

•  •  •  IA  0 

CM  H  CM  nO  Jh 


4 

-4 

•\o 

NnO  CM  -4 
CM  O  rH  \  0 
•  •  •  UN  0 

CA  H  CO  '.0  >4 


N- 

i — I 

CM  O 
N-CO'n.  ^4 
UNCO  rH  <4. 

•  •  *  UN  O 

rH  O  On  vO  33 


N- 

-4 


A  A  O  O  A 

A  N-  UN  IN  A  nO  UN  On  (A 

O  ' •  ••••-4*0  0  CM 

'N  •  CM  rH  H  CM  H  CM  ON  rH  •  •  rH 

A  CM  ‘NOWNS  »\acm  • 

A  4\\  -4  CM  A  H  O  CV\  in\\\ 

•O'OnO  •  •  •  •  •  .  O  •  vO  on  On 

A  •  •  'ANONOno  •  a  •  -4  • 

O  -4AnO  rH  -4  A  A  CM  rH  0n  rH  CO  r-j  rH 


A  O  O 
UN  IN  A  nO 


id 

o 

o 


CO 

A 

•  P 

P 

P  CO  O'  IN 

A 

ON  •  ON 

• 

CM  •  CM  • 

CM 

N,0 

•  IN  UN  O  P 

CO  CO  CM  4f 

P  -sV  P  NO  • 

r-oNP\tii 

N.  •  •  • A 

•  •  .  UN  0 

O  CA  A  40  p 

P  -4  CO  sO  Ni 

XI 

0 


P 

o 

d. 
.8 


<  o 


§  g 

to  *r! 
0  P 
O  -rl 
10 

«H  O 
O  0-. 

0  o 

p  0 

d  .  I 
,4  O 


X3 

d 

O 

PI 

H 

d 


-  x) 


0 


•H  XI 

P  N  d 
O  '-■£  O 
•H  PI 

V)  O 
k  0  P 
O  rM  Ch 


0 

.  .  0  rH  _ 

M  H  «  rH 

<  <  !•{  XI 

'5  a 


xJ 
'd  - 
-  P 

f>  P 

d  P 
O  4  6  H  o 


d 

o 

n  pi 


c 

o 

•rl 

P 
•H 
-  W 

,0  O 
C  Or 
H 


-IJ 

c 

o 

o 


XJ 

2> 

0 


d  rM 
_  .■* 

£i  *H 
r*  N* 

H  It 

H  -4 


PI  PJ 


8 

5 

•5 

o; 


■s 

0 

o 

ra 


0  p 

P>  -rl 
m 

Pf  o 


p 

fia 
■Ad 

H 


O 

0  o 
+|  <0 
c3  rH 
Ci  O 


’0  • 

-  -d 

P  - 

ti-8 

O  H 

•>  •» 

'd  X IP 
d  d  tj 

o  6  0 

PI  P  O 


P 

a 

0 

o 

0 


0  0  d!  0 

■d 'd  tol  n 

rl  -rl  Pl-rl 


0  p 
-A  'rl 
0 

(H  O 
O  C-, 

0  o 

p  0 
d  rH 

■'4  o 


xJ 


0  0 
p  p 
d  o 
0  44 
0 

O  CD 
P  -*5 
IP  ft' 

0  rp 

•H  O 
p<  O 


HCMa-4AP£NCOOnO 

H 


CM  A  -4  A  O  N  CCj  .. 

I  rM  r— I  p  p  p  p  p  p 


On  q  p  CM  a  -4  A 
CM  CM  Cl  CM  CM  CM 


nO  IN  CO  O'  O 
CM  CM  CM  CD  A 


P  CM  A  -4  A 
A  ON  A  A  CA 


WADC  TR  54-110 


90 


ca 

*o 

la  o  • 

ca  cv  cv 

O  xptp  a  pi 

nO  CA  O  CV  O  O 

CA  •  nO  CO  CA  LA  H 

'O  HX  *CJ  .O  • 
nOCACOCVHcanOCA 


O  O 

H  On  nO  -4-  On  X 

n0  •  'CAN  LA-4CAtOLAXHQ 

CM  H  laCV.-4CV.CA-4.CV.0n 

•  "X  •  LA  CV  »  CA  •  •  H  •  CA  *NO 

H  23  CA  CAW  •  WCV  X\\  la  H 

\  I  CO  C  A  CA  cv  to  x^  ON  la  UV\  A-  0s  CV  \ 

CV  fij  •  >A  •  ON  .  -4-  •  .  .4WCIHO  4N 

CA  I  *X  •  H  •  CO  *v0  C-On  •  •  •  •  CA  til 

*  H  OHH-4-HCACACVHONiACOiAH<-r 


On 

-4H  CA 
•  -4  la 

CA  •  • 

On  CA  O  XX. 
i — I  UN  On  On  nO 

•  *  •  t  • 

H  H  On  CA  CO 


CA 

O 


\o 

O  rl’»  4 
NO  X  XX^  W 

•  •  •  LA  © 

CV  H  to  O 


o 

© 

ra 

p 

w 

m 

H 

p 

a) 


23 

3* 

r4 

I 

O 

«n 

o 

to 

g, 

■rl 

h; 

ci 

o 

o 

H 

Cl), 

■rl 

P 

•rl 

(3 


% 

% 

I 


S1 

la 

H 


CA 

nO 


-4  O  On 

CA  CV  • 

o  cv  o  os 

H  CA  ONHO  O 

IA  .NO  ON  •  r-i  CO 

no  h  \  •  cv  •  o  • 

•-0  CA  X  CV  H  cv  to  CA 


LA 

On 

ca  O  • 

CA  _  CV  CV 

o  w  o  j  at 

H  CA  O  la  •  O  O 

nO  .  ON  on  CV  nO  CA 

NO  H  "n  •  -4  •  O  • 

nOcAnOCVHCACVCV 


LA 

CV 


>4 


o 

,cv  cv  o  cv 

CA  \  <  X 

O  la  CAnO  PI  C£j  •  23 

H  A  H\  •  O  O  \  | 
tx  •  h  o  caco  40ai 
nO  H'x  •  ca  •  O  •  -4  I 
'■O  CA  nO  CA  H  H  CV  CV  «  PI 


LA 

o 

HO.  -4 

CA  CV  CA  no 

O  W  LA  PI  CEJ  *  23 

nOCALAO  .OOOX^i 
CO  •  X  H  X  On  CA  CV  O  (4 

nO  H  X^  .  CV  *  •  •  -4  £ 

nO  CA -4- CA  H  H  CA  H  »H 


to 


23 


I 


§ 

*rl 

IS  , 

O  H 

o  a> 

•P  H  > 
J5 

t*0  •  xl 

•h  a  2 

0)  •  >H 

O 


In  Mt3 

•h  a  <u 
q  h  o 

I  ’d  P, 
H  ct)  f/3 
0)  O 
>  PI  XS 


CO 
P 
o 

CO 
p 

g 

o  o 

a>  P 
w>  ni 

<c 


Q 


H 

o 

.2 


H  O 

^43 


5 

O 

U 

.  o 

8*B 


r— I 

a> 

CO 

£ 


LA 

to  H  CA  MAH« 

■  CV  H  X  CV  .  CV  " 


H  Cn-  CV 

•  •  A, 


CV  EX 
H  -4  On 
CV  •  H  »  CO  O 
•  H  CA  CA  -4  • 


X  -4  i 
(A 

•  O  ON  to'  X'x^  IA  o'  CV'  -4  -4  H'  X\  o 
H  -4  CA  CA  •  CA  •  •  •  *la  »  X  H  *4 
\  •  •  »IX  •  CV  LA  H  on  «cv  .-4  • 
OCVCOEXHLALACVCVHtOHcAHCV 


CA 

CV 

. 

cv 


CA 


3. 


CA  H 
Cn-  •  • 

H  x^x 
.  X-  lanO  la 
H  O  CV  ca  • 

\  •  •  »  H  .  _  _ 

OCAXXCVXLACSHHCOH 


NO 

o 


nOH  •  CV  CA  «  CV  >NOO 
•  H  •  CA  •  •  H  »  CA  CA  • 

■!.  H  «  O' £x  CA  C?  O' 

-I  •  .  .  .  On  »  CV  O  -4 

•  CV  -4  tO  IX  •  O  •  -4  • 

■  •  CA  H  CJ 


H  CV  -4 

to  to  rl  nOLAnO-4HCVO  nO 
CV  X  CV  CV  tO  CA  *  CA  -4  .Lf\  .<0H 
X.  _^«^»«  ^  ^  LA  •  H  _CA  IX  » 

•  X  CV  nQ  4\  O'  IN  -4  CV'  CV"  CV"  CAX.  H~ 
H  O  O  LA  •  nO  •  «  •  .  la  CV  -4  tO  cv 

X  ...CA.LAHX 
O  H  nO  *4  H  - 


H  X  -4  •  •  *-4  • 
'  CV  H  H  C —  On  ; — {  H  CV 


o 

ON 


g-  _  ON  o 


to 

o 

• 

H 


CVtOC-NOONCVbbONCAIXtO 
C-CtrlO  CA  •  C"\  •  *CV  •  •  O 

•  •  .  •  .  la  »HH  *  H 


CA  LA  On  to'x.  COLAnOcALACV'cV  .EX 
n0-40n  •  CA  •  •  •  •  •  i — I  tO  La  -4 

«  •  •  -4  •  X  LA  CV  CA  O  •  •  —4 

HV)  4H  ■  ■  1 


On  EX  H  H  O 
lAnO  •  CV  • 
*  *  O  «  rH 

O  CV  H  (A  H 


LA  LA 
H  CV  CV 

•  •  • 

O  EXnO” 
tO  On  LA  tO  LA 

.  •  •  •  • 

O  H  CA  H  -4 


LA  CV  X  X  X 
NO  ON  CA  NO  X 

.  •  .  •  * 

O  H  CA  O  X 


X  CV  nO  O  -4 
LA  H  CA  tO  CV 


LA  CV  cv  H  H  H  la  O  ^  H  O  cv  40 


O 

CO 

=3 


£> 

<0 

p 
O 
CL) 

P 

a 

o  _ 

co  a 


G 

o 

•rl 

W 

o 

CL. 

o 

0) 

H 


TJ 

ct) 

3 

3 

o 

CD 


4) 


OHO 


v  a> 

H  O  H  _ 

tj  >  a 

n!  >  Q 

0  tO  r) 

h  -  x)  -  n 
p--°- 

'c  "p 

<  O  H  O  H 


xf 

7o  p 


& 

o 

'd 

n) 

o 

PI 

d 

x) 

•rl 


CO  CO 


g 

>rl 

•H  C 
m  o 
o  -H 
P-.  P 
o 

gVi 

<  Cm 
(U 

h  a 
0) 

f»  <o 

xi  H 

,5  'H 
CO  H 


^3 

p 

fl 

a 


1 

CJ 


•d 

P 

(1) 

(U 

*  -B 

P  C 
-  a> 
P  o 

a  a 
o  a) 
o  a 


x)  • 
-  -d 

a  - 

d  *§ 

o  ^ 


o 

to 


H  p 


o  0)  d  0) 
d 'd 'd  w 
H  -rl  -rl  O 

O  CO  CO  23 


H 

-4 

. 

cv 

'XO 

8X  -4 

ONX^ 

•  •  LA  o 

-4  XnO  53 


H 

nO 

. 

CV 


„  NO  CV  4- 
O  nO  O  x. 

.  •  .  LT'.  O 

CV  O  XnO  23 


S' 


LA  O  O  -4 
X  la  HX*. 
...  LA  O 

CV  O  to  no  23 


CV 

to 

LA 

x,o 

0  0-4-4 
r-i  -4  ONX. 
...  la  O 

CA  O  lanO  23 


X)  Xl 
ct3  d 

Q  3  5l«t. 


©  o 

u  a 

d  d 
co  pi 
m 


d 

P 

(D 

H 

§' 

O 


H  CV  CA  -4  LA  no  X  tO  X  O 


CV  CA  -4  LA  nO  C —  tO  X  O  H  CV  CA  -4  LA 
. — I  H  H  H  i — I  r-i  H  i — If — I  CV  CV  CV  CV  CV  CV 


NO  X  to  X  o 
■  CV  CV  <A 


CV  cv 


H  CV  CA  -4  LA 
CA  CA  CA  CA  CA 


WADC  TH  54-110 


91 


Table  7  Maxlmva  Values  and  Initial  Conditions  of  G-I19H  Flight  Test  Records 


3 


i  i  i  i 


t-? 

^  • 

o  o 


*H 

O 

■8 

a 


sO 

cm 


.33 


cm 

ia 


ca  Q  to 

sO  CM  -4s£>  CA  rH  CM  tO  sQ 

HHNN  .H  CM  »(*\N  O 

•  •  H  *H  •  •  4  •  • 

4  n  *  Qs  oTp?\p? 

CN  •  ca  •  •  •  COOssOHsO 

•  A-  •  O  O  t\l  •  •  •  ia  • 
!^rtsOnNHH(nOJ4rlH 


OCM  -4 


<0 

CA 


C- 

c- 


t>to 

Os  CM 


n 


CA 

CAtOCACA-4 

O  •  •  •  • 

.  H  -4»A  4 


11 

O  O 

o  o 

o  o 
a  a 


1 

o 

o 

a 


Os 

CA 


till 


<0 

ca 


I  I  I  I 


o- 

CA 


till 


SO 

ca 


i  l  I 


o 

VA  03  03  H  a 

•  O  O  O  \  I 
CA  sO  H  CA  H  rH 

O  .  ••-41 

f— I  rH  A-  o  «  a 


CA 

CA 

-4  03  a  *a 

•  o  O  O  \  I 
A-  -4  A-  CA  A-  a 
H  •  •  *N  I 
i — I  rl  4  O  •  >—l 


IA 

~4 

a  a  •  a 

O  O  O  1 
O  OS  IA  O  H  M 

rH  ♦  •  •  CA  I 

i-i  o  ca  h  •  a 


SO 

CA 

h  a 


a 

o  o 

.  O  OssO 

I  T— {  •  • 

HOi's 


CA  Os 

H  Os  sO  sOCACAC  Os  O' 

•  OssO  IA  sO  N  IA  A-  CM  CA  • 

H  •  CM  •  A-  •  •  •  CA  CA  •  ca 
S  IA  *tsHC"0  >  •  •  sO  \ 

«  NW  •\Wp3WN.iA 

CO  sO  H  rH  Os\  CO  CA  H  CA  OssO  •  A- 

•  >A  •  Os  •  CM  •  •  •  to  to  CA  CM  to 

\  •  -4  •  sO  •  H  CA  Os  •  •  *01  • 

O  rH  rH  CA  -4  -4  CA  CA  CM  CQ  r- I  CM  >A  rH  rH 


CA 

CA 


H 

-4 


rH 

IA  CM 

♦  Os  CA  (SI  sO 

CM  CM  CM  ca  CA  •  tO 
CM  •  CA  CM 


H 


-4 

to 


to 

A-sO 

•  sO  • 
•  • 


O  H 


-4 

-4sO  -4  ia 
sO  •  0  0-4 

•  CM  O  •  •  O' 

CM\cA  H  CM  •  -  -  - 

\sO  •  W  H  \\N 
tO  OsMylA  CA^s  rH  CA\ 
tO  •  A-  •  •  CM  C —  CA  O  | 

•  H  •  to  O  •  ••• 

HHcaHCMA-EhHCMcA 


SO 

sO  so  CA  CA  O  CA  A- 

Os  CM  rH  CA  CA  •  sfK  CA  40 

•  •  •  CA  •  H  CM  •  Cs-  • 

N,  W  iS^N.  •  \  •  rH 

IA-  IA  O' SO  \  tO  CO  r-T\‘ 

*  CM  .  A-sQ  O  •  »s£>  "  ‘ 

S  •  *  \  •  •  A-  H  • 

OH  CMOscaHCMA- 


CA  CA 

<4  >A  CA  H 

sO 

to 

CM  •  •  CM 

• 

vQ  CAsO  • 

sO 

S  -4  t^^M  so 
C-  4  •  O  A- 

o  o 

SO  A-  • 

-4  •  CA  •  • 

I*  CM  r-f  CA  CA 

•  CA  O 

CM  •  H 

O  H 

-4  C-  CA  Qs 

CA  CA  •  •  O 

•  CM  CM  CM  • 

sO  t —  CM'  CM'  CM  ''',  r-f  CA\  '  ’  'o^'\'cMs!sl  CM" 
•  Os  iNIAO  •  •  sO  lAsOCO  4H 
\  •  (A  •  •  •  -O  H  •  •  CO  •  CM  • 

O  O  rH  CM  CA  -4  rH  CM  C —  -4  rH  •  CA  rH  rH 


CA 

CM 

$ 
O  CAtO 
O'  CA  • 

•  •  Os 

CM  O 


-4 

SO 

sO 

o 

so  co  • 

•  •  -4 

CM  O 


% 

9 

% 

O  CA  O 

CO  •  • 

•  O  ec¬ 
us 


U 

© 

Q 

rcf. 

p 

«j 

rf1 

•H 

XS 


c 

o 

•H 

it 

o 

o 

>4 


§* 

I 

a 

l 

*H 

(=3 

I 

H 

0) 

> 


'd 

© 

0) 

a. 

to 


+>  a  >  a  -o  ^ 

W)  .trl  Prl  O 

•H  O  2  O  O  H  O 

©  .  -H  H  H  O  -H 

o  a  a  cs  a  a 


cs 


CO 

-p 
$ 
•g 

o 

o  o 

©  u 
w  rt 

CO  «H 

d  o 

•  © 

£  o  xj 
ft  o  U 
JH  <  O 


•P 

d 

o 

o 

cs3 


.Q 

© 

a 

-p 

o 

ccS 

% 

o 

o 

<P 

O 


©  -P 
C3  -H 
10 

cm  O 

o  a 
©  o 

-p  © 
cfl  -I 

a  o 


X) 

ccS 

o 

a 


eel 

■fl’S 

•S5 

o 

<U 

H 

O  -4 


Q 

>’d 
TJ  - 
-  £> 
-a  45 

2. 

M  O 


Q 

rO 


-  TJ 


rO 

$ 

ct!  X) 

*3I 

rH 

a  o 

•rl 

co 


g 

•H 
CO 

ro  o 

C  a, 


M 

ci5 


s 


rH  i — ( 

a> 

©  {> 
Xf  frl 

•H  S 
CO  CO 


-P 

g 

o 


X 3 

a 


g  fS| 

•H  q> 
-P  c5 
o 

©s| 

Q  ' 

©  a 


•H  .  . 

Eh  a 


CrC  Cp 

o  o 

03  © 
n  .p 


xs 

-Q 

o 


■§ 


Eh 


x)  xs  Si! 
ns  ca  co 

o  ©  ©  © 

©  X)  X5  CO 
r-j  -H  -H  O 

O  r,0  r/1  a 


cp  tp 
O  O 

©  © 

•H  H 
EH  a 


g  £ 

a  a 

o  © 
©  & 
rH  -H 
O  Eh 


iH  CM  CA  -4  casO  f-ffl  Os  O 
rH 


H  CM  CA-4cAsOC-COOsOHCMCA-4 
HHHHrHHHHHCMCMCMCMCM 


CA 

CM 


sO  tO  O'  O 
CM  CM  CM  CM  CA 


rH  CM  CA  4  CA 
CA  CA  CA  CA  CA 


WADC  TR  54-110 


92 


Complete  Rebound  Yes  Yes  Yes  Yes  Yes 


Table  7  liaximmi  Values  and  initial  Conditions  of  C-119H  Flight  Test  Records 
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Maxlamm  Values  and  Initial  Conditions  of  F-84  E  flight  Teat  Racorda 
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Table  9  Table  of  Maximum  Values  from  B-36  Flight  Test  Records 
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All  loads  are  in  lbs  x  10  "3  with  the  time  of  the  occurrence  of  that  load  reco: 
in  seconds.  Ground  speed  from  the  wheel  tachometer  is  read  in  feet  per  second. 


1.  Weight 
2»  C.  G.  Acc 

3.  Wind  Velocity  -  Wind  Direction  -  Runway 
Direction  J 

4-6.  law,  Pitch,  Roll 

7,  17.  Rate  descent 

8,  18.  Rolling  Radius 

9,  19.  Ground  Speed 
10,  20.  Oleo  Deflection 

21.  Tire  Deflection 
12  —  16 

22-31*  Loads 


lbs 

g'a 

MPH/ degrees/degrees 

degrees/sec 

ft  per  sec 

inches/sec 

MPH 

inches/sec 

inches/sec 

lbs  x  10  “3/sec 
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Table  10  Table  of  Maximm  Values  and  Initial  Conditions  for  DC-3  Landing  Teat  Racorda 
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Vertical  Load  4.8/.64  10.7/.38  16.0/.62  9.4/«66  10.4/.47 

Drag  Load  3.7/.70  6.5/.43  5.1/.63  5.2/.71  4.6/.52 

Forward  Load  1.2/.63  5.2/.40  4.0/.65  3.9/.68  5.6/.49 

Inboard  Side  Load  1.2/.78  1.3/. 74  .41/. 58  .  50/. 94  .13/.36 

Outboard  Side  Load  3.6/.71  5.8/.43  8.3/.68  3.9/. 76  8.0/.52 


Tahlt  10  Table  of  Maximum  Values  and  Initial  Conditions  for  DC-3  Tending  Teat  Records  (cont’d) 
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